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CHAPTER 13 

MASKING 

Lloyd A .  J e f f r e s s  

Department of Psychology and 

Defense Research Laboratory 

The University of Texas 

I. INTRODUCTION 

A.  H i s to r i ca l  

Masking i s  the  obscuring of one sound by another.  A s  L ick l ider  

(1951) pointed out,  i t  i s  t h e  opposite of analysis ;  when we f a i l  t o  hear 

t h e  s igna l  i n  t h e  noise,  it i s  because t h e  ana lys i s  has been inadequate, 

or because we were not l i s t e n i n g .  Analysis implies some s o r t  of f i l t e r  

system and most of our theor ies  of hearing have been f i l t e r  theo r i e s  from 

t h e  time of Helmholtz. We should, therefore ,  expect t h a t  a study of the  

phenomena of masking would br ing us c loser  t o  an understanding of t h e  

bas i c  problem of how w e  hear.  

Much of t h e  e a r l y  work was conducted by t h e  B e l l  Telephone Labora- 

t o r i e s  because of t h e  close r e l a t ion  of masking t o  t h e  problems of telephonic 

communication, and is  summarized i n  F l e t che r ' s  book, Speech and Hearing 

(1929). Much e a r l i e r  (1876), Mayer had found t h a t  a tone could be  rendered 

inaudible by another tone of lower frequency, but not r ead i ly  by one of 

higher frequency. 

a t  t h e  B e l l  Telephone Laboratories by Wegel and Lane (1924), support Mayer's 

observation t h a t  frequencies below t h a t  of t h e  s igna l  are more e f f ec t ive  

i n  masking it than frequencies above. 

1 

Figure 1, which s m a r i z e s  a series of experiments done 

The f i g u r e  a l s o  shows t h a t  frequencies 
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Fig. 1. The various sensations produced by a two-component tone.  The 
primary component i s  a sinusoid of 1200 cps, 80 dB above threshold.  
secondary component i s  a sinusoid of  t he  frequency and sensat ion l e v e l  
indicated by the  coordinates.  When t he  secondary component falls below 
t h e  s o l i d  curve it is  masked. When the  secondary component i s  above i t s  
masked threshold,  however, t h e  auditory sensation may be q u i t e  complex, 
as indicated by the  descr ip t ions  i n  t h e  severa l  regions of t h e  graph. 
(From S. S. Stevens, (Ed.), Handbook of Experimental Psychology, New York: 
John Wiley and Sons, 1951, a f t e r  Fletcher, 1929, from Wegel and Lane, 1924, 
by permission.) 

The 



near  t h e  s ignal ,  whether above it or below, are more e f f ec t ive  than 

frequencies f a r t h e r  removed, especial ly  i f  they a r e  higher .  

The curves of Wegel and Lane a r e  characterized by notches occur- 

ing a t  frequencies near t h a t  of the s igna l .  These are t h e  r e s u l t s  of 

bea t s  between t h e  masker and t h e  s ignal--f luctuat ions of l e v e l  which ren- 

der  t h e  s igna l  more conspicuous and easier t o  de t ec t .  When s t eps  a r e  taken 

t o  avoid these  beats by employing a narrow band of noise r a t h e r  than a tone 

as t h e  masker, or by using 

cycle of beating t o  occur, 

a peak r a t h e r  than a notch 

Egan and Hake (1950) shows 

and exhib i t s  a peak r a the r  

B. White Noise 

a s ignal  durat ion too  shor t  t o  permit a f u l l  

t he  notches a r e  eliminated and t h e  curves show 

a t  t h e  s igna l  frequency. Figure 2, taken from 

the  masking e f f e c t  of a narrow band of noise,  

than a notch a t  t h e  s igna l  frequency. 

Probably t h e  most commonly used masking stimulus is  white noise, 

noise  which has a uniform power spectrum from one extreme of i t s  frequency 

-- 

range t o  the  other .  The power i s  usua l ly  measured f o r  a bandwidth of one 

cycle per second, 2nd when expresses i n  decibels  r e l a t i v e  t o  0.0002 micro- 

bars, is cal led t h e  s p e c t r a l  l e v e l  of t h e  noise.  A white noise  therefore  

has the  same s p e c t r a l  l e v e l  a t  a l l  frequencies within i t s  frequency range. 

If  w e  were t o  make a s e r i e s  of measurements of t h e  instantaneous vol tage 

associated with a band of white noise, whether wide o r  narrow, we would 

f ind  t h a t  t h e  mean of these  voltage measurements w a s  zero, and that t h e  

d i s t r i b u t i o n  around it was a normal d i s t r i b u t i o n .  Because of t h i s  normal 

or Gaussian d i s t r i b u t i o n ,  t h e  noise i s  of ten re fer red  t o  as Gaussian, and 

because it often a r i s e s  from thermal ag i t a t ion  as i n  a r e s i s t o r ,  it is  a l s o  

re fer red  t o  as thermal noise.  
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Fig .  2.  Masking audiograms of a narrow band of noise  (90 cps wide, 

"he pressure spectrum l e v e l  of 
centered a t  410 cps)  presented a t  various ove r -a l l  sound-pressure 
l e v e l s  (dec ibe ls  re  0.0002 dyne/cm2). 
t h e  noise  m y  be obtained by subtract ing 19.5 dB f r o m  t h e  corresponding 
number under t h e  curve. 
by 4.2 dB i n  order t o  represent b e t t e r  t h e  amount of exc i t a t ion  near 
t h e  frequency of t h e  masking stimulus. 
permission. ) 

"he peak of each masking curve i s  extended 

(From Egan and Hake, 1950, by 
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C. C r i t i c a l  Bands 

Fletcher  (1940) proposed the c r i t i c a l  band concept t o  account 

f o r  many of  t h e  phenomena of masking. He suggested t h a t  t h e  b a s i l a r  

membrane provides a f i l t e r i n g  action, with d i f f e r e n t  frequencies producing 

t h e i r  maximal e f f e c t s  a t  d i f f e r e n t  locat ions along t h e  membrane, and t h a t  

each f i l t e r  band i s  responsive t o  a l imi ted  range of frequency. 

of frequency t o  which a pa r t i cu la r  f i l t e r  responds i s  i ts  c r i t i c a l  band. 

The range 

Masking occurs, according t o  Fletcher,  when t h e  noise  pre-empts a f i l t e r  

(o r  i t s  output channels) t h a t  would otherwise respond t o  t h e  frequency of 

t h e  s igna l ,  and only those frequencies of t h e  noise  which f a l l  within t h e  

bandwidth of f i l t e r  w i l l  be  e f fec t ive  i n  masking t h e  p a r t i c u l a r  s igna l .  

The signal w i l l  be j u s t  de t ec t ib l e ,  according t o  Fletcher,  when i ts  energy 

equals t h e  energy of that part of the noise  which i s  a f f ec t ing  t h e  f i l t e r .  

F le tcher  says, "When t h e  ear i s  stimulated by a sound, pa r t i cu la r  nerve 

f i b e r s  terminating i n  the  b a s i l a r  membrane are caused t o  discharge t h e i r  

u n i t  loads.  Such nerve f i b e r s  then can no longer be used t o  ca r ry  any 

other  message t o  t h e  b ra in  by being stimulated by any other source of sound. 

Masking experiments appropriately chosen, then, should enable us t o  de te r -  

mine w h a t  por t ions of the  membrane a r e  being stimulated by an ex terna l  

sound." (1929, p. 167). 

D .  Noise-Level and Masking 

Hawkins and Stevens (1.950) studied t h e  masking of tones of d i f f e r -  

en t  frequencies by a wide band of w h i t e  noise.  Their r e s u l t s  a r e  presented 

i n  Fig.  3. The abscissa  i s  noise level ,  and the  ordinate  i s  t h e  amount of 

masking, expressed a s  the  increase i n  s igna l  l e v e l  required f o r  de tec t ion  

over t h a t  required i n  t h e  absence of ex te rna l  noise.  Had Hawkins and Stevens 
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Fig.  3 .  The r e l a t i o n  between t h e  masking produced by a white noise  
and t h e  e f f e c t i v e  l e v e l  of t h e  n o i s e .  The e f f e c t i v e  l e v e l  is t h e  amount 
of noise  power i n  a narrow frequency band, t h e  " c r i t i c a l  band" (see t e x t ) ,  
centered about t h e  frequency o f t h e  masked s inusoid.  It i s  expressed i n  
dec ibe l s  r e l a t i v e  t o  t h e  absolute threshold ( i n  power u n i t s )  a t  t h a t  
frequency. When t h e  i n t e n s i t y  is  given i n  terms of  e f f e c t i v e  l eve l ,  t h e  
funct ion shown i n  t h e  graph i s  e s s e n t i a l l y  independent of t h e  frequency 
of t h e  masked sinusoid.  (From S. S. Stevens, (Ed.) ,  Handbook of Experi- 
mental Psychology, New York: John Wiley and Sons, 1951, after Hawkins 
and Stevens, 1930, by permission. ) 
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employed the  s p e c t r a l  l e v e l  of t h e  masking noise as t h e i r  absc issa ,  they 

would have obtained s i x  p a r a l l e l  l ines  instead of t h e i r  s ing le  l i n e .  There 

would be a l i n e  f o r  each frequency used. Instead, they employed as abscissa 

t h e  "ef fec t ive  l eve l "  of t he  noise--the ove ra l l  l e v e l  within a spec i f ied  band 

around t h e  s igna l  frequency. The e f f ec t ive  l e v e l  i s  numerically equal t o  the  

s p e c t r a l  l e v e l  plus 10 log W, where W i s  t h e  bandwidth i n  cycles per second. 

For each frequency, they chose W s o  a s  t o  make the l i n e  f o r  t h a t  frequency 

pass through a point  where t h e  masking i n  dB equalled the  e f f e c t i v e  l e v e l  i n  - 
dB. The f a c t  t h a t  t he  l i n e  w a s  s t r a igh t  over most of i t s  course and a l s o  

passed through other  po in ts  where the amount of masking and the  e f f ec t ive  l e v e l  

are equal  ind ica tes  a l i n e a r  re la t ion  between masking and noise  l e v e l .  

(1963) obtained a s i m i l a r  funct ion f o r  masking i n  ca t s ,  Fig.  4, by t h e  choice 

Watson 

of an appropriate  value of  W. The value of t he  bandwidth, W, chosen i n  t h i s  

way has been r e fe r r ed  t o  by some experimenters as t h e  width of t h e  " c r i t i c a l  

band," o thers  prefer  t o  c a l l  it t h e  " c r i t i c a l  r a t i o "  and reserve t h e  term 

" c r i t i c a l  band" t o  denote the  bandwidth a r r ived  a t  by band narrowing experiments. 

(See Chapter 22 f o r  a discussion of t h i s  t o p i c ) .  

11. VARIETIES OF MASKING 

A. Masking, Difference Limens, and Absolute Thresholds 

G.  A .  Miller (1947), i n  an  a r t i c l e  about t h e  d i f fe rence  limen f o r  

noise in t ens i ty ,  pointed out t h a t  the d i f f e rence  l imen and t h e  masked threshold 

are e s s e n t i a l l y  the  same th ing .  When we discover  t h e  s i z e  of t h e  increment 

needed t o  produce a j u s t  not iceable  difference i n  loudness, w e  may express 

t h i s  as Ap where the  o r i g i n a l  stimulus was p, or we may speak of t he  masked - 
threshold and express it i n  decibels .  If, f o r  example, p = 0.002 microbars, 

and f o r  t h i s  i n t e n s i t y  Ap/p = 0.15, we can equally w e l l  say t h a t  t h e  SPL of 
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t h e  noise i s  20 dB and t h e  masked threshold i s  21.2 dB, o r  t h a t  t he re  i s  1.2 

dB of masking. 

Diercks and J e f f r e s s  (1962) went a s t e p  f u r t h e r  and argued t h a t  t he  

abso lu te  threshold i s  i t s e l f  r e a l l y  a masked threshold .  

holds f o r  an an t iphas ic  tone with thresholds f o r  d i o t i c  st imulation, they 

obtained r e s u l t s  from which they  concluded t h a t  t h e r e  was noise  present i n  

the  cochlea and t h a t  the  noise a t  one ea r  w a s  p a r t i a l l y  cor re la ted  with t h e  

no i se  a t  the  o ther .  They pointed out t h a t  t h e  amount of masking w a s  commen- 

s u r a t e  with t h e  amount of  noise measured phys ica l ly  i n  t h e  ex terna l  meatus 

by Shaw and Piercy (1962). 

By comparing th re s -  

B. Remote Masking 

I n  addi t ion  t o  t h e  masking b y  noise frequencies ly ing  within t h e  same 

c r i t i c a l  band as t h e  s igna l ,  there can be masking by frequencies which appear 

t o  l i e  w e l l  outside of t h e  band, even above it. This phenomenon was d i s -  

covered by Bi lger  and Hirsh (1956) and w a s  c a l l ed  by them, "remote masking." 

It occurs only a t  high noise leve ls ,  60 t o  80 dB s p e c t r a l  l eve l ,  and exh ib i t s  

i t se l f  as an e leva t ion  of threshold f o r  frequencies below those  01 che band 

of no ise .  

s p e c t r a l  l e v e l  of about 70 dB w i l l  e l eva te  the  threshold f o r  tones from 100 

t o  1000 cps by about 20 dB. 

able t o  demonstrate a similar phenomenon i n  t h e  guinea pig.  

t i a l s  and cochlear microphonics recorded from t h e  t h i r d  t u r n  of t h e  cochlea 

i n  response t o  500 cps tone burs t s  were masked when an in tense  high frequency 

noise w a s  introduced. A t  t h e  same time a random, low-frequency, cochlear 

microphonic p o t e n t i a l  appeared. The authors expla in  t h e i r  f inding as being 

t h e  r e s u l t  of non-linear d i s to r t ion  t h a t  generates out of t h e  high-frequency 

Thus a band of noise having frequencies from 2450 t o  3120 cps a t  a 

Deatherage, Davis, and Eldredge (1957) were 

The ac t ion  poten- 
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noise  a low-frequency disturbance, f l uc tua t ing  i n  frequency and amplitude. 

A study by Hirsh and Burgeat (1958) appears t o  confirm t h i s  hypothesis. 

They found t h a t  t he  b inau ra l  masking l e v e l  d i f f e rences  associated with 

revers ing  t h e  phase of a low-frequency tone, masked remotely by a high- 

frequency noise, were similar t o  those obtained with low-frequency noise; 

suggesting that t h e  masking w a s  t h e  r e s u l t  of low frequencies a c t u a l l y  

e x i s t i n g  i n  t h e  cochlea. 

be generated from a high-frequency band of no ise  by l i m i t i n g  ( c l ipp ing ) .  

Cox (1958) showed t h a t  low frequencies can indeed 

C .  Backward and Forward Masking 

Backward masking i s  t h e  masking of a s i g n a l  by a noise  which 

occurs l a t e r ;  forward masking i s  the  reverse,  t h e  noise  being terminated 

before t h e  s i g n a l  is begun. 

masking has been ca l l ed  precedent masking, and forward masking has been 

ca l l ed  r e s i d u a l  masking, poststimulatory threshold s h i f t ,  and adaptation. 

Both phenomena have o ther  names; backward 

Lflscher and Zwislocki (1949) review earlier experiments and present data 

on t h e  spread of adaptation (forward maskirg) as a fucnt ion  of leve l ,  time, 

and frequency. Masking as a function of  frequency i s  similar t o  the  func- 

t i o n  f o r  simultaneous masking; a tone i s  masked by an earlier tone when t h e  

frequencies a r e  c lose  toge ther  or when t h e  earlier tone  i s  lower i n  frequency. 

There is  l i t t l e  forward masking when t h e  masker has a higher frequency than  

t h e  s i g n a l .  The masking e f f e c t  of an earlier sound fa l ls  off r ap id ly  wi th  

t h e  s i z e  of t h e  i n t e r v a l  between, and t h e  slope of t h i s  drop i s  a func t ion  

of t h e  l e v e l  of t h e  masking sound. 

t h e  masking i s  about 40 dB, when the s igna l  follows i n  20 msec. 

t o  zero  when t h e  i n t e r v a l  is  increased t o  200 msec. The drop, when expressed 

i n  dec ibe ls  of masking, i s  approximately l i n e a r  with time. 

For an 8 0 - d ~ ,  400 msec, 3000-cps masker, 

This drops 
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Picke t t  (1959) and E l l i o t t  (1962a) summarize e a r l i e r  work on back- 

ward masking, much of it done i n  the  Soviet Union, and both present t h e  

r e s u l t s  of s eve ra l  experiments i n  which t h e  masker was a burst of white 

no ise  and t h e  s igna l ,  a 1000-cps tone of sho r t  dura t ion .  

of masking on t h e  level of t h e  masker appears t o  be l i n e a r ,  bu t  t h e  l i n e a r  

r e l a t i o n  between i n t e r v a l  and masking, found by Ldscher and by Zwislocki 

f o r  forward masking, apparently does not hold f o r  backward masking. The 

masking decreases much more rapidly as t h e  i n t e r v a l  between s i g n a l  and 

masker i s  increased. E l l i o t t ,  i n  one case f o r  example, found about 60 dB 

of masking when t h e  noise began l m s e c  a f t e r  t h e  termination of the s igna l ,  

and t h i s  dropped t o  about 20 dB when t h e  i n t e r v a l  was increased t o  10 msec. 

V i r t u a l l y  no masking was found for  i n t e r v a l s  longer than about 25 msec. 

The dependence 

Both forward and backward masking are t h e  r e s u l t  of time-dependent 

p rope r t i e s  of t h e  neura l  mechanism of hearing. 

t h a t  c e l l s  which have r ecen t ly  been stimulated are not as s e n s i t i v e  as r e s t ed  

c e l l s ,  a not very su rp r i s ing  f a c t .  Backward masking, however i s  t h e  i n t e r -  

ference of t h e  l a t e r  noise with some process i n i t i a t e d  by t h e  s i g n a l  bu t  

not completed by t h e  time of t h e  onset  of t h e  noise.  The t i m e s  appear t o  

be t o o  long t o  be explained i n  terms of energy in t eg ra t ion  a t  t h e  cochlea, 

and suggest ins tead  some kind of i n t e rac t ion  a t  higher centers,  where t h e  

la ter  a c t i v i t y  produced by the  more in tense  stimulus can overtake and obscure 

t h e  e f f e c t s  of t h e  earlier stimulus. The e f f e c t  i s  la rge ;  a s h o r t  tone  

terminating 1 msec before  t h e  onset of t h e  noise  may experience 60 dB of 

masking, where t h e  same t o n a l  pulse, s t a r t i n g  1 msec a f t e r  t h e  termination 

of t he  noise, experiences only about 30 dB. 

Forward masking suggests 

D.  Masking of Speech 

While speech i s  probably our most important s igna l ,  it i s  an awk- 

ward one t o  use, and has not been much employed i n  masking experiments. 
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Where it has been used, t h e  purpose has o f t en  been t o  study t h e  nature of 

speech i t s e l f ,  or t h e  nature of t he  masker--room reverberation, s t r e e t  

noise, e t c .  

and Pollack and Picke t t  (1958) i n  t h e i r  study of t h e  masking of speech by 

Lickl ider  (1948) used speech i n  a study of b inau ra l  phenomena, 

speech were pr imar i ly  concerned with b inaura l  e f f e c t s .  Swets (1964) de- 

votes four chapters t o  t h e  masking of speech, bu t  t h e r e  t h e  major concern 

w a s  with speech as s igna l  i n  TSD. Some aspec ts  of t he  masking of speech 

are discussed i n  Chapter 3 ,  on appl ica t ions  of TSD, and some i n  Chapter 25, 

on t h e  perception of speech. 

111. MASKING AND THE THEORY OF SIGNAL DETECTABU;ITY 

A .  Noise and Noise-Plus-Signal D i s t r ibu t ions  

The Theory of S igna l  De tec t ab i l i t y  (TSD) i s  a very general  theory 

covering t h e  de t ec t ion  of a g r e a t  v a r i e t y  of s igna l s .  It i s  discussed i n  

t h i s  general  sense i n  Chapter 5 .  We are concerned wi th  it here i n  a much 

more r e s t r i c t e d  sense as it applies t o  t h e  de tec t ion  of a (usua l ly )  t o n a l  

s i g n a l  i n  a background of (usua l ly)  Gaussian noise .  The two p robab i l i t y  

d e n s i t y  curves ( f o r  noise and f o r  noise p lus  s i g n a l )  of TSD are usua l ly  

exhib i ted  along a n  unspecified abscissa, represent ing  whatever it i s  about 

t h e  stimulus t h a t  t he  subjec t  i s  responding t o .  I n  t h e  present s ec t ion  an  

attempt w i l l  be made t o  spec i fy  the absc issa ,  t o  determine j u s t  w h a t  aspect 

of t h e  s t imu l i  it is  t h a t  causes t h e  sub jec t  t o  vote  more frequenctly f o r  t h e  

i n t e r v a l  containing t h e  s igna l .  

1. Narrow-Band Noise 

The concept of c r i t i c a l  bands i s  one of t h e  important ideas  

t o  g r o w  out of t h e  experimental work on masking. The p i c t u r e  of t h e  cochlea 

as a s e r i e s  of narrow-band f i l t e rs  helps i n  understanding not only many 

phenomena of masking, bu t  also a number of o ther  func t ions  of t h e  ear. 
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Figure 5 ,  from Lickl ider  (1951), shows estimates of c r i t i c a l  bandwidths 

based on data from s tud ie s  of masking, of p i t c h  discrimination, of p i t c h  

sca l ing ,  and of speech i n t e l l i g i b i l i t y .  The da ta  f o r  p i t c h  discrimination, 

p i t c h  sca l ing  and speech i n t e l l i g i b i l i t y  d id  not y i e l d  c r i t i c a l  bandwidths 

d i r e c t l y .  

d a t a  a t  one frequency t o  show t h e  form of t h e  function, not i t s  magnitude. 

It can be seen t h a t  t h e  functions agree su rp r i s ing ly  w e l l  considering t h e  

d i v e r s i t y  of t h e  sources of da t a .  A fuller d iscuss ion  of c r i t i c a l  bands 

is  t o  be found i n  Chapter 22. 

They were adjusted along t h e  ord ina te  t o  conform with t h e  masking 

- 

Figure 5 t e l l s  us t ha t  t h e  bandwidth assoc ia ted  with a f r e -  

quency of, say, 500 cps i s  about 50 cps. This means t h a t  i n  a masking 

experiment, where t h e  noise  l e v e l  is  not excessively high, only t h e  noise- 

frequencies from about 475 t o  525 cps p lay  a n  important r o l e  i n  t h e  mask- 

ing of a t o n a l  s i g n a l  of 500 cps. 

It must be r ea l i zed  t h a t  t h e  idea of t h e  " c r i t i c a l  band'' as 

a f i l t e r ,  resembling an e l e c t r i c a l  f i l t e r ,  is  only an  analogy, and t h a t  

t h e  analogy i s  imperfect i n  mng respec ts .  "he bandwidth of an e l e c t r i c a l  

f i l t e r  i s  t h e  same over a wide range of measured l eve l s ,  t h e  e a r ' s  i s  not.  

A l s o  when w e  speak of t h e  bandwidth of a f i l t e r  we r e f e r  e i t h e r  t o  i t s  width 

a t  t h e  half-power po in t s  (3-dB down) or t o  i t s  equivalent rec tangular  width 

and both of t hese  measures l o s e  some of t h e i r  meaning ( e spec ia l ly  t h e i r  

p red ic t ive  va lue)  when t h e  f i l t e r  response is  unsymmetrical as w e  know t h e  

e a r ' s  response t o  be.  The s k i r t  o f  t h e  ear's f i l t e r  i s  considerably higher 

on t h e  low frequency s i d e  than on t h e  high, s ince  low frequencies mask 

higher frequencies more e f f ec t ive ly  than t h e  contrary.  

s tud ie s  show t h e  shape i n  reverse,  s ince  t h e  masker i s  kept a t  a constant 

frequency and t h e  s i g n a l  probe-tone i s  varied, thus making each measurement 

i n  a d i f f e ren t  " c r i t i c a l  band.'' 

Most of t h e  masking 
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Fig. 5 .  Four functions r e l a t ing  A f  t o  f .  The c r i t i c a l  band 
funct ion ( c i r c l e s  and s o l i d  curve) shows t h e  width of t he  band of 
noise that contr ibutes  t o  t h e  masking of a s inusoid a t  the  center  
of t he  band. I n  t h e  frequency-discrimination curve (squares and 
s o l i d  curve), A f  is  20 t i m e s  the  jnd.  
s ca l e  gives  the width i n  frequency of i n t e r v a l s  t h a t  a r e  50 m e l s  
wide i n  p i t ch .  
widths of frequency bands that cont r ibu te  equally--2 per  cent of 
t h e  t o t a l - - t o  the  i n t e l l i g i b i l i t y  of speech. 
the  curves suggests t h a t  they have a common basis i n  t h e  audi tory 

The curve based on t h e  p i t c h  

The curve based on i n t e l l i g i b i l i t y  da t a  shows the  

The s i m i l a r i t y  of 

mechanism. 
Psychology, New York: John Wiley and Sons, 1951, by permission.) 

(&om Lickl ider  i n  Stevens Handbook of Experimental 

I 
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Figure 6 shows what a narrow band (53 c?s) of noise, centered 

a t  530 cps, looks l i k e .  The upper p i c t u r e  is  a n  osc i l loscope  photograph of 

t h e  noise, and t h e  lower is a photograph of noise t o  which a 500 cps tone has 

been added. The p i c tu re s  were taken simultaneously and show t h e  same s t r e t c h  

of no ise  with and without t h e  s igna l .  The s i g n a l  has t h e  same rms voltage as 

t h e  noise.  W e  see from t h e  photographs that both func t ions  c lose ly  resemble 

s i n e  waves t h a t  are slowly f luc tua t ing  both  i n  amplitude and i n  frequency o r  

phase; t h e  axis crossings a r e  not q u i t e  evenly spaced. We may th ink  of these  

func t ions  as sinusoids having a basic frequency of 509 cps, and randomly mod- 

u l a t ed  i n  both amplitude and phase. The f luc tua t ions  of phase a r e  equivalent 

t o  f luc tua t ions  i n  frequency; 363" per  second being 1 cps. 

narrowness of t h e  f i l t e r ,  t h e  r a t e s  of modulation, both of amplitude and 

phase, are slow compred with t h e  frequency of t h e  sinusoid.  

Because of' t h e  

The instantaneous displacement (vol tage  o r  pressure)  f o r  t h e  

narrow band of  

where f i s  t h e  - 

noise  can be  wr i t ten  

y ( t )  = a ( t )  s in [2~c f t  + cp(t)], Eq. (1) 

center  frequency (503 cps i n  t h e  example), a ( t )  is  t h e  ampli- 

tude,  f requent ly  ca l l ed  t h e  envelope, and y ( t )  i s  t h e  phase angle between 

the  noise and some reference  zero. 

random functions of t i m e .  

t i v e  i n  s ign  and va r i e s  from z e r o  upward. If t h e  noise is  Gaussian, t h e  

instantaneous voltage, y ( t ) ,  will be  normally d i s t r i b u t e d  around zero  as i t s  

mean, and t h e  standard devia t ion  of t h e  d i s t r i b u t i o n  of instantaneous v o l t -  

ages, 0, w i l l  be i d e n t i c a l  with t h e  r m s  voltage of t h e  band of noise ( t h e  

square-root of t h e  mean of t h e  squared vo l t ages ) .  

Both a ( t )  and y ( t )  are slowly varying, 

The amplitude, o r  envelope, a ( t ) ,  i s  always posi- 

If, f o r  a Gaussian noise, t h e  vol tages  are normally d i s t r i b u t e d ,  

it i s  apparent t h a t  t h e  amplitude cannot be. Its d i s t r i b u t i o n  must be skewed, 

s ince  it is  Sounded on one side by zero  and can reach toward i n f i n i t y  on t h e  
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Fig. 6 .  Narrow-band noise  (bandwidth 50 cps, cen ter  frequency 
500 cps) (upper t r a c e ) .  Narrow-band noise  plus s i g n a l  (lower t r a c e ) .  
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other. The literature of both acoustics and physics is often confusing 

here through the widespread, careless uses of the work "amplitude" when 

voltage or displacement is meant. 

constant, it is the voltage or displacement or pressure that varies 

sinusoidally. In the case of a narrow band of noise the amplitude, a(t), 

fluctuates but it remains positive in sign, it is the voltage that shows 

a Gaussian distribution. 

The amplitude of a pure sinusoid is a 

2. Rayleigh's Distribution 

Rayleigh (1894, p.  35-42) discussed the distribution func- 

tion associated with the amplitudes of Eq. (1). He considered a narrow 

band of noise, obtained by combining - n sinusoids of equal amplitude and 

of random phases, and derived the expression for the distribution function 

when n is allowed to become infinite. He found the function to be - 

where CT is the standard deviation of y(t) of Eq. (l), and hence is the rms 

voltage of the band of noise. 

will exceed some magnitude, a is given by 

The probability that - a in this expression 

i' 

A graph of the probability-density function of Eq.  (2) is shown as the 
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left-hand curve of Fig.  7. 

The dens i ty  function of Eq. ( 2 )  can be obtained from a 

b i v a r i a t e  normal d i s t r i b u t i o n  function of x and y, where t h e  means of x 

and y are equal t o  zero, and 7 and u = (J, and where t h e  c o r r e l a t i o n  
X Y 

between x and y i s  zero.  

(x, y), is  t h e  quant i ty ,  - a. 

- - - 

- 
The radius,  from t h e  center  ( o r i g i n )  t o  any point  - 
1 

3 .  Narrow-Band Noise Plus Signal  

When w e  add a s igna l  of frequency, f ,  t o  t h e  noise  of Eq. (l), - 
w e  obtain t h e  funct ion p ic tured  i n  t h e  lower part of Fig.  6 .  

be thought of as a sinusoid,  modulated i n  amplitude and phase, and can 

be w r i t t e n  

It too  may 

where r ( t )  is t h e  new amplitude--the vector  sum of t h e  random va r i ab le ,  

a ( t )  and t h e  constant s i g n a l  amplitude, A .  - 
t h e  angle between t h e  r e s u l t a n t  and t h e  reference zero.  

The new phase angle, 9 ( t ) ,  i s  

4. Dis t r ibu t ion  f o r  Noise Plus S i m a l  
~ 

Knowing t h e  d i s t r i b u t i o n  funct ion for narrow-band noise ,  l e t  

us attempt t o  determine the  function f o r  noise  plus  s i g n a l .  The funct ion 

f o r  t h e  amplitude of t h e  noise i s  t h e  Rayleigh, or circular-normal d i s t r i -  

but ion.  The funct ion f o r  phase i s  rectangular ;  a l l  angles  a r e  equal ly  

l i k e l y .  L e t  us  s e l e c t  a number, say t en ,  equal ly  l i k e l y  values  of t h e  

noise  amplitude. These would be the mid-decile values,  i . e . ,  t h e  values 

f o r  P = 0.05, 0.15, 0.25, e t c .  The corresponding values of - a, computed 

from Eq. (3), are 0.32, 0.57, 0.76, e t c .  

equal ly  l i k e l y  phase angles--every 15" w i l l  serve f o r  t h i s .  

Let us s e l e c t  a l s o  a number of 

By using a l l  
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combinations of amplitude and phase we a r r i v e  a t  240 values of a ( t ) ,  a l l  

equal ly  l i k e l y .  These values a r e  shown as do t s  i n  Fig. 8. 

N o w . l e t  us add a s igna l  of amplitude, A, and f o r  convenience, - 
i n  phase with the  reference zero.  

vec tor  i s  shown f o r  a value of A equal t o  4 times t h e  standard devia t ion  

of the noise  ( t h e  rms noise  voltage), and pointing along the  x a x i s  (0’ phase) 

One of the 240 values of t h e  noise vec tors  is  shown, and t h e  r e s u l t a n t  drawn 

i n .  The r e s u l t a n t ,  the SN vector, has a length,  r, and makes an angle, 9, 

w i t h  the x axis. 

Figure 8 shows t h e  r e s u l t .  The s i g n a l  

- 
- 

- - 
2 - 

By repea t ing  t h i s  process f o r  each of t he  d o t s  of Fig.  8, and 

measuring the  length  of the SN vector f o r  each t r i a n g l e ,  w e  can obta in  a set 

of data from which t o  cons t ruc t  a frequency polygon. 

approximate t h e  d i s t r i b u t i o n  function f o r  no ise  p lus  s i g n a l  f o r  the case 

where A = k.3 

no i se  alone and from t h e  two, obtain an ROC curve f o r  A = b. 

- 
The polygon w i l l  

We could now combine t h i s  d i s t r i b u t i o n  with t h e  one f o r  

Fortunately, we a r e  spared t h e  necess i ty  f o r  solving vec tor  

t r i a n g l e s  graphica l ly .  Rice (1934, pp. 236-241) has derived t h e  expression 

f o r  t h e  p robab i l i t y  dens i ty  corresponding t o  our frequency polygon. I n  

our nota t ion ,  with a f o r  noise amplitude, A f o r  s i g n a l  amplitude, and Q 

f o r  t h e  rms noise  voltage,  t h e  function is  

- - 

4 
where Io i s  a Bessel function f o r  which t a b l e s  are r e a d i l y  a v a i l a b l a .  

When A = 0.00, t h e  Bessel f’unction, Io, is  uni ty ,  and Eq. (5) reduces t o  

FQ. (2 ) ,  t h e  expression f o r  no ise  alone. The right-hand curves of F ig .  7 

represent  t h e  f’unction f (a ,  A )  for  var ious  values of t h e  signal amplitude 

A, f o r  a = 1.00. The curves f o r  noise, and f o r  small values of A, a r e  
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Fig .  8. Adding a s igna l  t o  no ise .  The vec tor  A represents  t h e  
s igna l  and the  vector a represents one poss ib le  vaiue for t h e  noise .  
The inomentary phase angle between t h e  s igna l  and t h e  narrow-band 
noise i s  a, and between the  signal and t h e  signal-plus-noise vector,  

of t h e  noise  vec tor .  
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decidedly skewed. The curves fo r  la rge  values of A approach t h e  normal - 
d i s t r ibu t ion ,  with a standard deviation equal t o  3, t h e  r m s  noise  vol tage.  

I n  order t o  obtain ROC curves from t h e  probabi l i ty  dens i ty  

funct ions of Fig. 7, it i s  necessary t o  accumulate t h e  p robab i l i t i e s  under 

t h e  curves. The probab i l i t i e s  for  noise a r e  given by Eq. ( 3 )  and can be 

r e a d i l y  determined from t ab le s  of t h e  exponential. The corresponding 

expression for SN i s  

m ~~ 

P ( r  > a i )  = J’ f ( a ,  A )  da. 

The expression i n  Eq. (6) i s  not integrable ,  bu t  it can be 

evaluated numerically. Marcum (1950) has done so, and has prepared a set 

of t a b l e s  of t h e  i n t e g r a l  (with 7 taken as un i ty )  f o r  values of a ranging 

i n  s t eps  of 0.1 u n i t s  from 0 . 1 t o  20.0, and f o r  A, i n  s t eps  of 0.05 un i t s ,  

from 0.00 ( t h e  Rayleigh d i s t r ibu t ion )  t o  24.90. 

i 

- 
The p robab i l i t i e s  a r e  

given t o  six decimal places .  Using Marcum’s t a b l e  instead of our graph- 

i c a l l y  derived frequency polygon, we can determine P(a > ai) and P ( r  > ai) 

f o r  various values of t h e  c r i te r ion ,  a and of t h e  s i g n a l  amplitude, A .  

These p robab i l i t i e s  correspond t o  P(y1n) and P(ylsn) ,  and can be used i n  

p lo t t i ng  a family of ROC curves. The r e s u l t  i s  shown i n  Fig.  9 .  

i’ 

5 

5 .  ROC Curves f o r  Amplitude Dis t r ibu t ion  

The e v e s  of Fig.  9 are s l i g h t l y  d i f f e r e n t  i n  shape from 

t h e  fami l ia r  ones of TSD, but  they are t o  be found i n  t h e  TSD l i t e r a t u r e .  

Peterson, Bi rdsa l l ,  and Fox (1954, p. 193) present t h e  family, and show 

t h a t  they represent  t he  behavior o f  t h e  i d e a l  de tec tor  f o r  t h e  case where 

the  s igna l  i s  completely specified except f o r  phase. The more familiar 

curves are derived from overlapping normal curves of equal variance,  and 
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represent  t h e  behavior of t h e  ideal de tec tor  f o r  t h e  case where the  s igna l  

is  completely specif ied,  including phase. 

Marill (1956) showed t h a t  ogives derived from Eq. (6 )  

(Marcum’s t a b l e ) ,  where P(c)  i s  plot ted aga ins t  s igna l  leve l ,  f i t t e d  h i s  

subjec ts ’  da ta  b e t t e r  than ogives derived from normal curves. 

Jeffress (1964) showed t h a t  t h e  ROC curves of Fig.  9 f i t t e d  ra t ing-sca le  

da t a  b e t t e r  than ROC curves derived from normal d i s t r i b u t i o n s .  It had 

Similar ly ,  

been known f o r  some t i m e  (see f o r  example, Egan, Schulman, and Greenberg, 

1959) t h a t  ra t ing-sca le  da ta  plot ted on normal-normal p robab i l i t y  paper 

y i e ld  l i n e s  having slopes a lmost  always l e s s  than uni ty ,  and therefore  

v i o l a t e  t h e  equal-variance assumption. Several  -- ad hoc explanations of 

t h e  unequal variance have been offered, none very s a t i s f a c t o r y .  

Watson, R i l l i ng ,  and Bourbon (1964) employed a ra t ing-sca le  

device with which t h e  subjec t  indicated h i s  assurance that a s igna l  w a s  

present i n  t h e  stimulus i n t e r v a l .  With it they were ab le  t o  obtain 36 

points  on an ROC curve. Their data, when p lo t t ed  on normal-normal prob- 

a b i l i t y  paper could be f i t t e d  f a i r l y  wel l  by s t r a i g h t  l i n e s  having slopes 

l e s s  than uni ty ,  but  t he  l i n e s  were not qu i t e  s t r a i g h t  and t h e  authors  com- 

mented, “It could be fur ther  conjectured t h a t  t h e  funct ions t h a t  generate 

these  ROC curves are somewhat more peaked than normal d i s t r i b u t i o n s  . . . .” 
J e f f r e s s  later found t h a t  t h e  ROC curves of Fig.  9 f i t t e d  t h e  curves of 

t h e  study by Watson e t  a1 b e t t e r  than the  curves used by t h e  authors  and 

derived from normal d i s t r i b u t i o n s .  

-- 

From t h e  foregoing r e su l t s  we may conclude t h a t  t he  subject ,  

i n  de tec t ing  a t o n a l  s igna l  i n  a background of Gaussian noise,  responds t o  

t h e  amplitude of t he  st imulus,  and does not u t i l i z e  phase information. The 



Fig. 9 .  ROC curves derived from the distribution functions for 
noise and noise plus signal. The parameter is the same as that of 
Fig. 7. (From Jeffress, 1964, by permission.) 



. 
16 

absc issa  of our family of probabi l i ty-densi ty  curves i s  t h e  r a t i o  of 

vol tages  (SN amplitude divided by rms noise  vol tage) ,  and supports t he  

observation by  Tanner and B i r d s a l l  (1958) t h a t  d '  is, a t  l e a s t  f o r  audi- 

t j  on, a vol tage- l ike quant i ty .  

6 .  "Pedestal" Experiments 

Gaston (1964a) pointed out t h a t ,  s ince  t h e  curves of Fig.  9 

become more near ly  normal as A - i s  increased, using one of t h e  curves (say, 

f o r  A = 2.0) for "noise" and another f o r  SN should y ie ld  ROC curves l i k e  

those  f o r  t h e  normal, equal-variance assumption. An ROC p lo t  on normal- 

normal p robab i l i t y  paper f o r  A = 2.0 ( N )  and A = 3.0 ( S N ) ,  y ie lds  a l i n e  

which is subs t an t i a l ly  s t r a i g h t  and has a s lope almost equal t o  uni ty .  

The use of a noise  mixed with a sinusoid of t he  s igna l  fre- 

quency for  "noise" cons t i t u t e s  a "pedestal" experiment. 

i s  achieved by increasing t h e  l eve l  of t h e  sinusoid,  and can be thought 

The "s ignal"  

of as standing on t h e  "pedestal ." 

therefore  a pedes ta l  experiment. A t  t h e  present  t i m e  no one has determined 

The experiment suggested by Gaston i s  

an ROC curve using a pedestal ,  bu t  t he re  have been seve ra l  experiments 

i n  which t h e  shape o f  t h e  psychophysical funct ion r e l a t i n g  s igna l  l e v e l  

and  de tec t ion  percentage has been determined. Green (1960) poin ts  out 

t h a t  f o r  a two-alternative,  forced-choice experiment without a pedestal ,  

t he  psychophysical function does no t  f i t  t h e  funct ion f o r  t h e  i d e a l  observer 

(phase known), when a pedestal  i s  used, t h e  f i t  i s  good. 

Bigelow, and Green, see  Green, 1960.) 

(Bta  from Tanner, 

The f a c t  t h a t  the  psychophysical funct ion f o r  pedestal  experi-  

ments f i t s  the  function f o r  t h e  ideal  de tec tor  (phase known) b e t t e r  than 

da ta  taken without a pedestal ,  can be (and has Seen) in t e rp re t ed  as ind ica t ing  



t h a t  the  l i m n  observer can use phase information trhen it i s  made ava i l ab le .  

P f a f f l i n  and Mathews (1962), i n  discussing a s e r i e s  of ped- 

estal  experiments, point out t h a t  t o  account f o r  t he  use of phase by t h e  

observer requi res  t h e  assumption of some s o r t  of cor re la t ion  de tec tor ,  

whereas the  assumption of a simple envelope de tec tor  w i l l  p red ic t  success- 

f u l l y  t h e  outcome of experiments both with and without a pedestal ,  and even 

with a pedes ta l  t o  which t h e  s ignal  i s  added i n  quadrature phase. For 

convenience t h e i r  mathematical treatment i s  based on an energy (square-law) 

de tec tor ,  but  they point out t h a t  a simple amplitude de tec tor  ( r e c t i f i e r )  

would y i e ld  almost t he  same functions and be more r e a l i s t i c  neurophysio- 

l o g i c a l l y .  Their approach t o  the  de tec t ion  problem i s  considerably d i f f e r e n t  

from ours, but  t h e  funct ions a t  which they a r r i v e  a r e  s u b s t a n t i a l l y  the  same. 6 

7. Meaning of d '  f o r  Rayleigh-Type Dis t r ibu t ions  

Tables of d '  (P.  B. E l l i o t t ,  1959) yie ld  t h e  values of d '  

assoc ia ted  with various combinations of P(yl n)  and P( yI sn )  . 
t he  value of d '  associated with the p r o b a b i l i t i e s  taken from one of t h e  ROC 

curves of Fig.  9, we discover thaT; each poin t  on t h e  curve gives  us a 

d i f f e r e n t  value.  To circumvent t h i s  d i f f i c u l t y ,  Clarke, B i rdsa l l ,  and 

Tanner (1959), and Egan (1961), employ t h e  value of d '  f o r  t he  point  where 

t h e  ROC curve passes through t h e  negative diagonal as t h e  measure of 

de tec t ion .  

a l t e r n a t i v e ,  forced-choice da ta ,  P(c) i s  equal t o  the  a rea  under the  ROC 

curve, no matter what shape t h e  underlying probabi l i ty-densi ty  funct ions 

If we look up 

Egan c a l l s  t h i s  value ds.  Green (1964) has shown t h a t  f o r  two- 

may take .  He  therefore  suggests using P(c)  as t h e  measure of de tec t ion .  

This would s t i l l  leave us i n  d i f f i c u l t y  with da ta  from a yes-no experiment. 

Unless  we know the  shape of t h e  ROC curve, we do not know what curve the  

da t a  point  belongs to ,  and cannot discover t h e  appropriate  P(c) ,  nor f o r  
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t h a t  matter, t h e  appropriate  d . It appears qu i t e  possible  t h a t  s m e  of 
S 

t h e  v a r i a b i l i t y  of yes-no da ta  stems from t h i s  d i f f i c u l t y ,  t h a t  po in ts  

which r e a l l y  f a l l  on t h e  same curve y ie ld  d i f f e r e n t  d ' s  because of t he  

shape of t h e  curve. The moral appears t o  be t h a t  the  f i rs t  s t e p  i n  deal ing 

w i t h  a new stimulus s i t u a t i o n  should 5e  t o  determine an ROC curve f o r  it; 

or else t o  employ t h e  two-alternative,  forced-choice procedure, and use 

p ( 4 .  

For t h e  Rayleigh-type d i s t r i b u t i o n s  P (c )  can be obtained from 

Marill's (1956) expression, f o r  P(c) fo r  two-alternative,  forced-choice 

data: 

t h i s  P( e ) ,  and p l o t  it as a function of /2E/N, w e  obtain a (very  near ly)  

s t r a i g h t  l i n e  having a s lope of uni ty .  The l i n e  bends t o  the  o r ig in  f o r  

s m a l l  values of Jm. 
ordinate  a t  -0.707 ( see  J e f f r e s s ,  1364). 

P(c)  = 1 - 8 exp[-E,2N 3. If we f ind  the  z-score corresponding t o  
0 

0 

The s t r a igh t  port ion appears t o  i n t e r s e c t  t h e  

This quant i ty ,  t h e  z-score, 

appears t o  be numerically equal, o r  very near ly  equal, t o  t h e  d associated 

with the  negative diagonal fo r  these d i s t r i b u t i o n s .  

S 

B .  Energy, Bandwidth, and Duration 

1. Enernv vs  Amplitude as Stimulus 

The l i t e r a t u r e  of TSD has sometimes confused the  reader  about 

whether subjects  respond t o  the  energy of t h e  s igna l  o r  t o  i t s  vol tage.  

All of t h e  evidence of t h e  present sec t ion  (Sect ion 111) poin ts  t o  t h e  

la t te r ,  t o . t h e  envelope of the  waveform as t h e  aspect of t h e  st imulus t o  

which the  subject  responds. The shape of ROC curves, t he  shape of t he  

psychophysical funct ion r e l a t i n g  detect ion t o  s igna l  l eve l ,  both with and 

without a pedestal ,  and the parameter of t he  family of d i s t r i b u t i o n  func- 

t i o n s  involved, a l l  ind ica te  t h a t  the ea r  (and bra in)  i s  ac t ing  l i k e  an 
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envelope (amplitude) de t ec to r .  That our methods are s e n s i t i v e  enough t o  
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discover o ther  bases f o r  detection when they a r e  operative i s  shown i n  

Chapter 15, where i n t e r a u r a l  time d i f fe rence  proves t o  be  the  aspect of 

t h e  stimulus employed under some b inaura l  conditions. 

t h e  methods i s  a l s o  shown by t h e  f a c t  t h a t  t h e  da t a  of t h e  present s ec t ion  

The s e n s i t i v i t y  of 

deny t h e  use of phase information by t h e  subject,  when phase information 

i s  not access ib l e  t o  him. 

2 .  Duration and Bandwidth 

The parameter employed by Peterson, Birdsall,  and Fox (1954) 

i n  t h e i r  de r iva t ion  of t h e  probabi l i ty  dens i ty  functions of Fig.  7 is  

/-. 
ours. 

L e t  us see what i s  implied by t h i s  r e l a t ionsh ip .  

s i g n a l  amplitude, and is  therefore equal t o  

S. 

convenience w e  make t h e  conventional assumption of a u n i t  r e s i s t i v e  load, 

t h e  noise  power i s  q2 and t h i s  i s  equal t o  t h e  per-cycle noise power, No 

t i m e s  t h e  bandwidth, W .  The s igna l  power i s  - S , and t h e  s i g n a l  energy - E 

is  S 

A/.J = d q ,  w e  obtain A2/g2 = 2E/No, and s u b s t i t u t i n g  f o r  A, - 7, and - E, 

It i s  employed i n  t h e  same way i n  t h e i r  treatment as A / g  was i n  

For t h e  same curve, t h e  two q u a n t i t i e s  are equal: A/o  = J2E/No. 
Our quantity,  A, - i s  t h e  

times t h e  r m s  s i g n a l  voltage,  

Our (T i s  t h e  r m s  noise voltage of t h e  band of noise.  If f o r  a r i t hme t i ca l  - 

2 

2 times t h e  duration, - T.  By squaring both  s ides  of our o r i g i n a l  equal i ty ,  - 

2 2 we have 2s /wNo = 2s T/No. Cancelling leaves us t h e  r e l a t i o n s h i p  1/W = T. 

Since t h e  curves of Peterson -- e t  a l .  were derived f o r  t h e  ideal d e t e c t o r  f o r  

t h e  case where s igna l  phase i s  unknown, our r e l a t i o n s h i p  t e l l s  us t h a t  t h e  

i d e a l  de t ec to r  (phase unknown) i s  an envelope de tec to r  with a f i l t e r  having 

a bandwidth equal t o  t h e  rec iproca l  of t h e  s i g n a l  dura t ion .  

conclusion drawn by Peterson -- e t  a l .  by way of a somewhat d i f f e r e n t  l i n e  of 

reasoning. I n  t h e  l i g h t  of t h i s  f a c t ,  l e t  us examine t h e  r e l a t i o n  between 

This i s  t h e  
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dura t ion  and masking. 

3 .  Signal Duration and Masking 

There have been several  s tud ie s  of the  e f f e c t  of s ignal  

dura t ion  on masking. 

and Mi l le r  (1947) who found, f o r  four d i f f e r e n t  frequencies of t h e  s igna l ,  

Probably t h e  e a r l i e s t  was an experiment by Garner 

a l i n e a r  r e l a t ionsh ip  between t h e  masked threshold expressed i n  dBs of 

masking, and t h e  logarithm of s igna l  durat ion,  f o r  durat ions between 12.5 

and 200 msec. 

by 3 dB. Other inves t iga tors ,  Hamilton (l357), Blodgett, J e f f r e s s ,  and 

Taylor (1958) have found similar re la t ionships ,  but  have found changes i n  

Increasing t h e  durat ion by a f ac to r  of 2 increased de tec t ion  

t h e  s lope of t h e  function a t  d i f f e ren t  dura t ions .  All have found t h a t  the  

s lope  increases  f o r  shor t  s igna l s  where T i s  l e s s  than t h e  rec iproca l  of - 
t he  c r i t i c a l  bandwidth. Durations longer than about 200 t o  500 msec a r e  

apparent ly  not so e f f i c i e n t l y  employed as shor t e r  durat ions and t h e  l i n e  

r e l a t i n g  masking and durat ion tends t o  l e v e l  o f f .  Green, Bi rdsa l l ,  and 

Tanner (1957), i n  an experiment where t h e  s i g n a l  energy w a s  kept constant 

by increasing t h e  power i n  proportion t o  t h e  decrease i n  duration, found 

t h a t  t h e  de tec t ion  index, d ' ,  remained constant through a range of durat ions 

t h a t  var ied from subject  t o  subject .  All had constant values of d '  from 

20 t o  150 msec, but some subjec ts  extended t h i s  range t o  about 10 msec a t  

one end, and t o  near ly  300 msec at t h e  o ther .  

The r e s u l t s  from studies of t h e  e f f e c t  of dura t ion  suggest 

t h a t  t h e  ear in t eg ra t e s  energy. The durat ions involved, however, a r e  too  

long t o  make it reasonable t h a t  there  i s  ac tua l  accumulation of energy be- 

f o r e  s t imulat ion occurs. It seezs more l i k e l y  t h a t  t he  in t eg ra t ion  i s  

neural,  and t h a t  r a the r  than accumulating energy, t h e  mechanism accumulates 

neural  events associated with envelope (amplitude) peaks. There i s  some 
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evidence t h a t  t h i s  is  so.  

substantial  high-frequency hearing loss, presumably neural,  when t e s t e d  

E l l i o t t  (1962b) has found t h a t  subjec ts  having 

a t  frequencies where t h e  loss i s  serious, show less temporal i n t eg ra t ion  

than normal sub jec t s .  They require nea r ly  as strong a s igna l  a t  long 

dura t ions  as they  do a t  s h o r t .  It i s  d i f f i c u l t  t o  see how t h i s  f a c t  could 

be explained i n  terms of energy in tegra t ion .  

4. Bandwidth and Masking 

Since t h e  o r i g i n a l  experiments by F le tcher  (1940), t h e r e  have 

been several experiments attempting t o  discover t h e  bandwidth and shape of 

t h e  ear's f i l t e r  system. Schafer, Gales, Shemaker, and Thompson (1950) 

inves t iga ted  t h e  masking e f f e c t s  of narrow bands of no ise  obtained a la  -- 
Rayleigh by combining a number of sinusoids of equal amplitudes and random 

phase. They determined t h e  equivalent-rectangular bandwidths at  t h r e e  

frequencies--200, 800, and 3200 cps--to be 65, 65, and 240 cps respec t ive ly .  

If t h e  ear's f i l t e r s  are taken as single-tuned c i r c u i t s ,  t h e  corresponding 

Q s  are 9.3, 37, and 39 respectively.  "he shapes of t h e  masking function 

obtained by Schafzr e t  a l .  resembled curves f o r  single-tuned c i r c u i t s .  -- 
Swets, Green, and Tanner (1962) a l s o  s tudied  t h e  r e l a t i o n  

between masking and t h e  bandwidth of t h e  masking noise, using f i l t e r s  rang- 

ing  from much wider, t o  much narrower than t h e  values usua l ly  assumed for 

t h e  c r i t i c a l  band. They made estimates of t h e  bandwidth f o r  var ious  assump- 

t i o n s  about t h e  response cha rac t e r i s t i c s  : s ing le  tuned, 41 cps; rectangular,  

95 cps; Gaussian ( 3  dB poin ts ) ,  79 cps; Gaussian (one sigma po in t s ) ,  95 cps. 

They conclude, "We would suggest a consideration . . . of t h e  p o s s i b i l i t y  

t h a t  t he  parameters of t h e  mechanism of frequency s e l e c t i v i t y  vary from one 

t a s k  t o  another under i n t e l l i g e n t  control.  If  they do, then, of course, 
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w e  cannot speak of ,  o r  measure, the c r i t i c a l  band.'' The v a l i d i t y  of the  

foregoing statement i s  supported by many experiments employing other than 

- 

t o n a l  s igna ls ,  and yielding bandwidths considerably wider then those 

mentioned above. The s ignif icance of a number of such experiments i s  

discussed i n  Chapter 22. 

5 .  Duration, Bandwidth, and Masking 

The rec iproca l  re la t ion  between bandwidth and durat ion ind i -  

cated by the  equivalence of AI9  and /q as parameters, has i n t e r e s t i n g  

implications f o r  hearing. The most obvious i s  t h a t  t h e  subject  employs a 

bandwidth appropriate  t o  t h e  duration ( o r  expected dura t ion)  of t h e  s igna l .  

Something of t h e  sort appears t o  be implied i n  t h e  statement by Swets, 

Green, and Tanner quoted e a r l i e r .  It seems a l s o  t o  be implied i n  BGkGsy's 

(1959) concept of neural  funneling, and i n  Marill's reference t o  t h e  band- 

widths employed by h i s  subjec ts .  Jeffress (1364) s p e c i f i c a l l y  considers 

t he  p o s s i b i l i t y  of a bandwidth tha t  can be narrowed f o r  long s igna ls  and 

widened f o r  shor t ,  and examines Hamilton's (1957) da ta  with t h i s  i n  mind. 

Hamilton var ied both t h e  durat ion o f  t h e  s igna l  and t h e  bandwidth of t h e  

noise .  The in t e rac t ions  of bandwidth and durat ion were i n  the d i r ec t ion  

predicted,  but  were not c learcu t  enough t o  be completely convincing. 

Hamilton's es t imates  of c r i t i c a l  bandwidth and those of Greenwood (1961) 

a r e  considerably wider than most of those  discussed i n  t h e  present  chapter.  

(See Chapter 22 f o r  a f u r t h e r  consideration of t h i s  problem.) 

C .  Signal  Uncertainty 

1. Frequency Uncertainty and Masking 

If we were physically looking f o r  a s igna l  ofknownfrequency 

and durat ion (but  unknown phase) i n  Gaussian noise,  we would employ a f i l t e r  

having a bandwidth equal t o  the reciprocal  of t he  duration, and a center  
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frequency equal t o  t h a t  of t h e  s ignal .  

two frequencies,  w e  would employ two appropriate  f i l t e r s  and combine t h e i r  

outputs  by means of an OR gate ,  unless t he  frequencies were close enough 

together  so t h a t  one f i l t e r  would su f f i ce .  

f i l ters  t o  look fo r  n d i f f e r e n t  frequencies would be t o  employ a f i l t e r  

wide enough t o  encompass the  range of frequencies involved. This would 

be a less e f f i c i e n t  method, since t h e  wider f i l t e r  would not exclude t h e  

shor t ,  s igna l - l ike  bu r s t s  of noise t h a t  would be re jec ted  by the  optimal 

f i l t e r s .  

If the  s igna l  might be e i t h e r  of 

An a l t e r n a t i v e  t o  employing n - 

- 

The question of i n t e re s t  t o  us here  i s ,  does t h e  ear (and 

b r a i n )  do anything of t h e  s o r t .  

answer the  question. 

simultaneously, i f  t h e i r  frequencies l i e  c lose  together  (within one f i l t e r )  

they are detected more r e a d i l y  than e i t h e r  alone, but i f  they are w e l l  

separated,  they are detected no b e t t e r  than one alone.  This r e s u l t  i s  i n  

agreement with t h e  m u l t i f i l t e r  hypothesis. 

f i l t e r ,  they a r e  occurring i n  a s ingle  band of noise  and should increase  t h e  

signal-to-noise r a t i o ;  i f  they occupy d i f f e r e n t  f i l t e r s ,  each w i l l  have i t s  

own band of noise and no improvement should occur. 

Several  experiments have been designed t o  

Marill (1356) found t h a t  when two s igna ls  a r e  employed 

If t h e  s igna ls  a f f e c t  t h e  same 

The problem becomes more complicated when the  s igna ls  are 

employed s ingly  and t h e  subject  does not  know which of two (or of severa l )  

t o  expect. A s t i l l  d i f f e r e n t  s i t ua t ion  a r i s e s  when t h e  subject  expects one 

frzquency and ge t s  another.  Both s i t u a t i o n s  have been s tudied.  Greenberg 

(1364) found t h a t  when a subjec t  i s  expecting a s i g n a l  of 1100 cps, and i s  

given one of some other  frequency, without knowing t h a t  t h i s  can occur, h i s  

de tec t ion  drops sharply.  The curve of detect ion-vs-s ignal  frequency resembles 
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the masking curves of Schafer e t  a l .  This r e s u l t  suggesTs t h a t  t he  subject  

i s  employing a s ingle  f i l t e r  and disregarding s igna ls  t h a t  l i e  outs ide of 

i t s  band. Now if we change t h e  ins t ruc t ions  s o  t h a t  t h e  subJect  knows t h a t  

t he re  a r e  two possible  s igna ls  equally l i k e l y  t o  occur, what happens? One 

p o s s i b i l i t y  suggested by Tanner, Swets, and Green (1956) is  t h a t  t h e  subject  

scans t he  f i l t e r  back and f o r t h  between t h e  frequencies involved, f requent ly  

missing t h e  s igna l  because he i s  looking i n  t h e  other  place.  

examined t h i s  idea and re jec ted  it because itwcts t o o  low a de tec t ion  

score.  H e  suggested ins tead  a rnu l t i f i l t e r  model In  which the  outputs of 

t h e  separa te  f i l t e r s  a r e  added. 

t h a t  t h e  de tec tor  decides on the  basis  of t h e  maximal output of t he  f i l t e r s  

taken separa te ly .  Some of t he  experimental da t a  appear t o  agree with one 

hypothesis and some with another.  Creelman found t h a t  some of h i s  da t a  

even suggested t h a t  t h e  subject  widened h i s  f i l t e r  band t o  encompass t h e  

range of frequencies involved. 

-- 

Green (1358) 

Creelman (1960) made t h e  fu r the r  suggestion 

There seems t o  be no doubt, as s e t s  (1963) poin ts  out,  t h a t  

t h e  sub;ect i s  somehow se lec t ivg  what t o  l i s t e n  for; t h a t  t he re  i s  some 

s o r t  of cont ro l  of t he  per ipheral  apparatus by t h e  cen t r a l  nervous system. 

The quest ion appears t o  be,  what kind. Possibly a t  t h i s  point  we should 

invoke t h e  Huggins-Licklider (1351) pinc ip le  of d ive r s i ty ,  which says i n  

e f f e c t  t h a t  i f  the re  a r e  two ways of doing sonething, t he  nervous system 

w i l l  employ both.  

Let us  examine the  p o s s i b i l i t y  suggested e a r l i e r ,  t h a t  t he  

outputs of t h e  f i l t e r s  are combined by way of an OR ga t e .  I n  a yes-no 

experinent,  i f  the c r i t e r i o n  were maintained a t  a constant l eve l ,  P(yl s n )  

woulC: remain unal tered,  but  P(y ln)  would be doubled; a s igna l - l i ke  noise  

occurring i n  e i t h e r  f i l t e r  would appear i n  The output of t h e  ga te ,  and 



rece ive  a "yes" vote .  

we assume t h a t  t he  ROC curves of Fig. 9 a r e  appropriate  h m e  (and t i i ty  

(The ga te  responds t o  e i t h e r  A o r  B or both . )  If' - - 

should be) ,  we may use them t o  pred ic t  t h e  outcome of a two-frequency 

experiment. 

of drop i n  detect ion,  depending upon our choice of c r i t e r i o n  and of s igna l  

level. 

assume t h a t  P(y1s.n) = 0.57. 

Doubling t h i s  moves us  t o  a new ROC curve, t h e  one f o r  ds = 1.7.  

s tead  of 0.77, w e  a s s m e  t h e  i n i t i a l  de tec t ion  t o  be P(yl s n )  = 0.80, 

P(y ln)  = 0.12. 

s iderably  g rea t e r  drop i n  detect ion e f f ic iency .  The former corresponds t o  

about a 1 dB change of  leve l ,  t h e  l a t t e r  t o  about 1 .5  dB ( see  J e f f r e s s ,  

1964, p. 771). 

e f f e c t  of dodbling P(y1n) i s  much grea te r  and may amount t o  3 or 4 dB. 

This increase of t h e  e f f e c t  of frequency uncer ta in ty  at low s igna l  l e v e l s  

has been noted by both Creelman (1960) and Swets (1963). 

W e  very quickly discover t h a t  we can predic t  almost any Cegree 

Let us take, f o r  example, a ds of 2.0 f o r  a s ing le  frequency, and 

The corresponding value of P(y1n) w i l l  be 0.05. 

I f  in-  

Doubling t h i s  moves us  t o  t h e  curve f o r  d = 1.55, a con- 
S 

For a low s igna l  leve l ,  and hence a low value of d the  
S' 

When a two-alternative,  forced-choice procedure i s  used, The 

subjec t  i s  forced t o  remain near the negative diagonal of t he  ROC curve, 

and the  OR g a t e  becomes t h e  equivalent of Creelman's model; t h e  subjec t  

responds t o  the  i n t e r v a l  containing the l a r g e r  st imulus.  He may therefore  

respond co r rec t ly  fo r  t he  wrong reason: because t h e  i n t e r v a l  containing t h e  

s i g n a l  also contains a s t rong burs t  of noise  from t h e  other f i l t e r .  

taken with uncertain s igna l  frequency a r e  very e r r a t i c ;  t h e  foregoing d i s -  

Data 

cussion iiiay serve t o  show why t h i s  i s  t h e  case.  

2 .  Other Uncertaint ies  

I n  addi t ion  t G  The del iberately- introduced frequency un- 

ce r t a in ty ,  another form of uncertainty develops when the  s igna l  l e v e l  i s  
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s o  low t h a t  t h e  subject  seldom hears t he  s i g n a l  c l ea r ly .  

may become uncertain about t he  frequency, t h e  duration, and t h e  time of 

onset of t h e  s igna l .  

g rea t  as i n  the  two-frequency experiments, and we can imagine t h a t  t he  

subjec t  might, i f  he had the  machinery f o r  it, widen h i s  f i l t e r  band s l i g h t -  

l y  t o  take care  of t h e  uncer ta in t ies .  

Here the  subject  

The frequency uncer ta in ty  probably would not be as 

Marill (1956) i n  h i s  work a t  very low s igna l  l eve l s ,  avoided 

t h i s  "forget t ing" of the  frequency and durat ion of t h e  s i g n a l  by present ing 

a sample of t h e  s igna l  without noise i n  advance of each stimulus t r i a l .  

By rewr i t ing  h i s  expression f o r  P( c )  i n  a two-al ternat ive,  forced-choice 

experiment i n  terms of s i g n a l  voltage and bandwidth instead of E/No, he 

2 obtained P(c)  = 1 - 8 Ekp[-S moj, where W i s  bandwidth. 

h i s  subjec ts  maintained the  same bandwidth a t  a l l  s i g n a l  l eve l s .  

H e  found t h a t  - 

Gaston (1364b) i n  an experiment devised t o  determine the  

r e l a t i o n  between d and s igna l  voltage a t  l o w  l e v e l s ,  found t h a t  h i s  sub- 

j e c t s  responded as though they were employing a wider band a t  low l e v e l s  

than a t  high. 

study, bu t  i n  a r ep l i ca t ion  of it, Gaston and Jeffress (1964) did use a 

cuing s i g n a l  s u f f i c i e n t  t o  be heard c l e a r l y  above t h e  noise,  and found some 

improvement of de tec t ion  a t  lov  l eve l s .  Their f indings,  however, d id  not 

q u i t e  reach t h e  constancy of bandwidth reported by Marill. 

has studied t h e  e f f e c t  of a va r i e ty  of cuing s igna l s .  

s igna l  i s  most e f f ec t ive  when it precedes t h e  st imulus i n t e r v a l s  by abou' 

one-half second. H e  employed a cuing s i g n a l  having the  same l e v e l  as the  

s igna l  t o  be detected and d id  not ge t  as l a rge  an e f f e c t  as Gaston'and 

J e f f r e s s  obtained with a l a r g e r  cuing s igna l .  

S 

The experiment>er did not employ a cuing s igna l  i n  t h e  i n i t i a l  

Greenberg (1962) 

He found t h a t  a cuing 

It i s  of course, equally possible  t o  descr ibe  t h e  foregoing 

r e s u l t s  i n  terms of t h e  e f f ic iency  measure, ?1, of TSD. Ins tead  of thinking 
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of the response to signal uncertainty as an increase of bandwidth, we may 

think of a decrease of 

reciprocally related. 
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efficiency. The two quantities ?1 and W are - 
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FOOTNOTES 

b e  expression of FQ. (2 )  can be obtained from t h e  dens i ty  funct ions f o r  

a b i v a r i a t e  n o r m 1  d i s t r i b u t i o n  where x and y a r e  independent and have t h e  

same standard deviat ion;  i . e . ,  ox and T 

is simply t h e  product of t h e  two independent dens i ty  f'unctions: 

- - 
= 3 .  The j o i n t  dens i ty  fimction 

Y 

2 2  
= 1/2m2 ExPC-(X2 + Y 1/29 1, 

2 2 2  and l e t t i n g  p = x + Y , 

This is t h e  j o i n t  p robabi l i ty  associated with a p a r t i c u l a r  point  (x, y)  

and not,  of course, the  dens i ty  function f o r  p, s ince  t h e r e  a r e  an i n f i n i t y  

of combinations of x and y t h a t  w i l l  y ie ld  t h e  same value of p .  

t h e  dens i ty  f'unction f o r  p ,  w e  m s t  first determine t h e  probabi l i ty ,  P ( p ) .  

"he increment involved i s  a r ing  of radius ,  p, and width, dp .  

therefore  multiply our expression by 2 d p ,  and in t eg ra t e :  

To g e t  - - 

W e  must 

2 2 2  2 2  P 

0 
P ( p )  = 21rp/2m Exp[-p /2a Idp = 1 - Exp[ -p /20 3. 

Dif fe ren t i a t ing  t h i s  expression yields 

which is  Rayleigh's d i s t r i b u t i o n .  



2 m e  r a t i o n a l e  

non-engineers, 

is  provided: 

f o r  r e so r t ing  t o  vector t r i a n g l e s  i s  not always obvious t o  

and f o r  t h e i r  benefi t  t h e  following b i t  of trigonometry 

L e t  us treat  t h e  near-sinusoid, t h e  narrow band of noise,  as if i t  

were a sinusoid of t h e  same frequency as t h e  s igna l ,  but  d i f f e r i n g  i n  phase 

a t  t h e  moment, by t he  angle cp. The amplitude of t he  noise  i s  a, and of t he  

s igna l ,  b. Now, adding two sinusoids of t he  sanie frequency, but d i f f e r e n t  

phase, w i l l  y ie ld  another sinusoid of t h e  same frequency, but  usua l ly  

d i f f e r e n t  both i n  phase and i n  amplitude from the  other  two. 

t h e  new amplitude, e, arid the  new phase angle, 3 .  We have then tha t  

- 

- 

Let us c a l l  

- 

c sin(21~f-t + 9) = a s in(2xf t  + a) + b s i n  2rcft. 

This expression holds f o r  a l l  values of t, and hence for t = 0; - 
t he re fo re  

c s i n  9 = a s i n  3 .  

The expression a l s o  holds f o r  t such t h a t  2x f t  = x/2; hence - 

c sin(x/2 + 8 )  = a sin(c/2 + c p )  + b s in(x /2)  

bu t  sin(A + sc/2) = cos A, and s i n  rc/2 = 1; hence 

c cos 9 = a cos rp + b. 

Squaring the  two expressions: 

2 2  2 2  c s i n  8 = a s i n  q and 

2 2  2 2  2 c cos 9 = a cos cp + 2ab cos cp + b ; 



adding and combining terms: 

2 2 2  2 2 c2(sin20 + cos O )  = a ( s i n  cp + cos c p )  + 2 ab cos cp + b 

2 2 and remembering t h a t  s i n  A + cos A = 1, w e  have 

c2 = a* + b2 + 2ab cos tp. 

This is  the  familiar l a w  of cosines, with t h e  s ign changed because of 

t h e  f a c t  t h a t  T ,  as we have measured it, i s  the  supplement of t he  included 

angle  and t h a t  cos cp = - cos ( f i  - c p ) .  

The demonstration t e l l s  u s  t h a t  w e  can f ind  t h e  new sinusoid by simply 

solving a t r i a n g l e  involving the  two o r i g i n a l  amplitudes and t h e  phase angle; 

such a t r i a n g l e  i s  shown i n  Fig.  8. 

31t should be  noted t h a t  t h i s  approach avoids seve ra l  assumptions about 

which the re  have been arguments i n  t he  l i t e r a t u r e .  

assume Fourier-ser ies ,  band-limited noise,  nor t h e  a p p l i c a b i l i t y  of sampling 

theory, and we have not employed l ikelihood r a t i o s .  These th ings  a r e  needed 

t o  obtain t h e  a n a l y t i c a l  expressions, but  we could have obtained our ROC 

curves by t h e  brute-force method described. 

t h a t  t h e  noise  vol tage i s  normally d i s t r i b u t e d .  

4Tables of 

physics, Chemical Rubber Publishing Co., Cleveland, Ohio. Derivations and 

t a b l e s  associated with t h e  circular-normal d i s t r i b u t i o n  a r e  t o  be  found 

i n  t h e  Handbook of Probabi l i ty  and S t a t i s t i c s  with Tables, by Burlington 

and May, Handbook Publishers,  Inc . , Sandusky, Ohio, 1953. 

We have not  had t o  

Our only assumption has been 

and I ( x )  are t o  be found i n  the  Handbook of Chemistry and 
0 

'Figure 9 is  taken from J e f f r e s s  (1964), who a l s o  presents  a condensed 

vers ion of Marcum's table, containing p r o b a b i l i t i e s  t o  th ree  decimal places  



f o r  va lues  of ai from 0.2 t o  4.0 by s t e p s  of 0.2 u n i t s ,  and values of A, 

from 0.0 (noise  a lone)  t o  5.0, by s teps  of 0.5 u n i t s .  

- 

Recently, Green (1365) has pointed out t h a t  increasing the  s i z e  of t h e  6 

pedes t a l  t o  where it, r a t h e r  than the  noise, i s  t h e  dominant f a c t o r  i n  

masking, brings us under t h e  j u r i s d i c t i o n  of Weber's l a w .  W e  are d i s -  

criminating a change i n  t h e  l e v e l  o f  a tone, and A I / I  should be nea r ly  

cons tan t .  There w a s  nothing i n  the foregoing approach t o  p red ic t  t h i s  

f a c t .  

w e  should obtain a d oIO about 1 . 3  ( J e f f r e s s ,  1364). If we add a pedes ta l  

of A = 2.0 and employ a s igna l  of A = 4.0, we should obta in  t h e  same d 

and s i m i l a r l y  f o r  a pedes t a l  of A = 10.0 and a s i g n a l  of A = 12.0. A s  

Green poin ts  out t h i s  i s  obviously i n  v io l a t ion  of Weber's l a w .  It i s  

l i k e  expecting a voltmeter t o  have t h e  same accuracy i n  m i l l i v o l t s  on t h e  

100-volt s c a l e  as on t h e  1-volt  scale.  Green shows t h a t  we can ge t  Weber's 

l a w  back i n t o  operation e i t h e r  by assuming a "self-noise" which i s  pro- 

po r t iona l  t o  t h e  stimulus, or by  assuming that, l i k e  t h e  voltmeter, our 

d e k c t o r  has an e r r o r  which i s  proportional t o  t h e  stimulus. The l a t t e r  

idea appears more reasonable physiologically--the f i r i n g  r a t e  of t h e  

"amplitude" f i b e r s  of t h e  VI I I th  nerve i s  a quasi-logarithmic func t ion  of 

If our noise  i s  just no i se  (A = 0.0) and our s i g n a l  has A = 2.0, 

S 

S' 

amplitude. 
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CHAPTER 15 

BINAURAL SIGNAL DETECTION: VECTOR T€EORY 

Lloyd A .  J e f f r e s s  

Department of Psychology and 

Defense Research Laboratory 

The University of Texas 

I. ImTRODUCTION 

Many of t h e  f a c t s  of b inau ra l  l i s t e n i n g  are summarized i n  t h e  commonplace, 

"Two ears are b e t t e r  than one." Two ears  provide a spare, they permit us t o  

l o c a l i z e  sound quickly and accurately,  and they he lp  us t o  d e t e c t  a s i g n a l  i n  

noise--for example, speech i n  a background of o ther  speech, t h e  "cocktai l -par ty  

e f f e c t , "  or  a t o n a l  s igna l  i n  a background of  thermal noise .  Most of the  

present  chapter w i l l  be concerned w i t h  t h i s  last, which can be r a t h e r  s t r i k i n g l y  

exemplified by t h e  following demonstration: W e  supply noise  t o  one ear (ear- 

phone) at a comfortable l i s t e n i n g  leve l ,  then add a s igna l  cons is t ing  of a 500 

cps tone in te r rupted  every quarter-second, and adjusted i n  l e v e l  u n t i l  it i s  

j u s t  inaudib le .  If w e  now add t h e  same noise  t o  t h e  o ther  earphone, w e  f i nd  

t h a t  t h e  s i g n a l  has become c l e a r l y  audible.  The s i g n a l  again disappears  when 

it too  i s  added t o  t h e  channel f o r  the second earphone, making t h e  sounds a t  

t h e  two ears a l i k e .  Now if w e  reverse t h e  connections of e i t h e r  t h e  noise  input 

or t h e  s i g n a l  input  (but  not  both)  t o  one ear, w e  discover  t h a t  t h e  s i g n a l  be- 

comes loud and c l ea r ,  and t h a t  it can be reduced i n  l e v e l  by many dec ibe ls  before 

it again becomes inaudible .  

A .  Terminology 

To make t h e  discussion o f  t h e s e  phenomena as concise and a s  e x p l i c i t  

as possible ,  l e t  us follow common usage. Any improvement i n  de t ec t ion  t h a t  

1 
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r e s u l t s  from using two ears instead of one w e  w i l l  c a l l  masking l e v e l  d i f f e r -  

ence (MLD); t h i s  w i l l  be  expressed i n  dec ibe ls .  

are t h e  same i n  a l l  respects-- level ,  frequency, and phase--we w i l l  r e f e r  t o  t h e  

st imulus condition as d i o t i c .  The d i o t i c  condition i s  one homophasic condition; 

- I 
I When t h e  s t imu l i  t o  both ears - 

I 
o the r s  result f r o m  a l t e r i n g  both the s i g n a l  and t h e  noise  t o  one ear i n  t h e  

same way--whether by reversing t h e  phase of both, o r  by delaying both i n  t i m e  

by  t h e  same amount. 

t h e  noise  (but  not both)  i s  a l t e r ed  r e l a t i v e  t o  the  other  e a r  ( f o r  example, by 

revers ing  t h e  connection fo r  t he  n o i s e  t o  one e a r )  t h e  ccndi t ion is  ca l l ed  

I 
I If the  phase (or  t i m e )  a t  one ear f o r  t h e  s i g n a l  o r  f o r  

I 
an t iphas i c .  If t h e  noise  f o r  one ear i s  independent of t he  noise  f o r  t h e  o ther  

(uncorre la ted)  t h e  condition i s  cal led heterophasic.  

which i s  not  d i o t i c  i s  d ichot ic .  The s t imu l i  may be  d i cho t i c  i n  phase, i n  

time, i n  l eve l ,  i n  frequency, and i n  many other  ways. 

Any b inaura l  condition I 
I 
I To make our notat ion more s p e c i f i c  and more complete, l e t .  us adopt 

t h e  following symbols f o r  t h e  various combinations of  noise  and s igna l ,  using 

N f o r  noise  and S f o r  s ignal ,  r[ t o  ind ica te  a phase r e v e r s a l  a t  one ear r e l a t i v e  

t o  the  other ,  0 t o  ind ica te  no phase o r  t i m e  d i f fe rence  between the  ears ,  u t o  

ind ica t e  t h a t  t h e  noises a t  the  two  ears are uncorrelated (from separate  sources),  

and m t o  ind ica t e  t h a t  t h e  noise or t h e  s i g n a l  is  monaural. We can l i s t  a 

- - - 
I 
I 
I - 

- - 

I 
I 
I 
I 

number of t h e  combinations as follows: 

Monaural (Monotic) 

N m s m  

NO SO 

Nn Sn 

Noise and s i g n a l  both monaural (same e a r )  

Homopha s i c 

Noise and s i g n a l  both i n  phase a t  t h e  ears (Dio t ic )  

Noise and s igna l  both reversed i n  phase at one ear r e l a t i v e  

t o  t h e  o ther  (Dichotic) 
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The remaining conditions a r e  all d icho t i c .  

Mixed 

NO Sm Noise i n  phase, s igna l  monaural 

Nn Sm Noise reversed i n  phase, signal monaural 

Ant iphas ic  

NO Sn 

Nn SO Noise reversed i n  phase, s i g n a l  i n  phase 

Noise i n  phase, s i g n a l  reversed i n  phase a t  one ear  

Het erophas i c 

Nu SO Noise uncorrelated,  s ignal  i n  phase 

Nu Sn Noise uncorrelated,  signal reversed i n  phase 

B. A Typical MLD 

Hirsh (1948) found t h a t  for  a 500 cps s i g n a l  t he  NO Sz condition 

yielded thresholds  about 11 dB lower than those f o r  t h e  d i o t i c  condition 

(NO SO). Since l a t e r  s tud ies  have shown that the  d i o t i c  condition does not 

d i f f e r  r e l i a b l y  from t h e  monotic (e.g. ,  Blodgett, e t  a1 1958), we may r e f e r  

t o  Hi r sh ' s  11 dB as a masking l e v e l  difference (Mu)). 

The f a c t  that H i r s h ' s  subjects showed an MLD as l a rge  as 11 dB means 

t h a t  most of t he  s igna ls  t o  which they were responding were t o o  weak t o  be 

detected by monaural means. I n  terms of t he  theory of s igna l  d e t e c t a b i l i t y  

(TSD), i f  t h e  5 4  thresholds  f o r  Hirsh's subjec ts  corresponded t o  d ' s  of about 

1.5 (see J e f f r e s s ,  1964, p. 772), t h e  d ' s  f o r  monaural. de tec t ion  of t h e  same 

s igna l  would be about 0.25 or  l e s s .  This t e l l s  us t h a t  t h e  s igna l  i n  t h e  a n t i -  

phasic case must be detected i n  almost every instance by means of some b inaura l  

de tec t ion  mechanism. The present  chapter i s  concerned with t h e  nature  of such 

a mechanism and with t h e  attempt t o  formulate a model which w i l l  account fo r  

such r e s u l t s  as Hi r sh ' s .  
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

11. THE STIMULUS FOR BINAURAL DETECTION 

A .  Webster's Hypothesis 

To f i n d  what t h e  stimulus may be that makes b inaura l  de t ec t ion  poss ib le ,  

l e t  us phys ica l ly  compare t h e  voltages t o  t h e  two earphones under t h e  d i o t i c  

condition and under t h e  an t iphas i c .  W e  may do t h i s  by connecting t h e  wires f o r  

one earphone t o  t h e  hor izonta l  p la tes  of an oscil loscope, and those  f o r  t h e  

o the r  t o  t h e  v e r t i c a l  p l a t e s .  I n  t h i s  way we s h a l l  ob ta in  a Lissajous pa t t e rn .  

For t h e  d i o t i c  condition, t h e  pattern w i l l  b e  a very narrow e l l i p s e  (almost a 

s t r a i g h t  l i n e )  running from lower l e f t  t o  upper r i g h t  and ind ica t ing  an almost 

pe r f ec t  p o s i t i v e  co r re l a t ion .  If our equipment were per fec t ,  t h e  co r re l a t ion  

would be pe r fec t  and t h e  p a t t e r n  would be a s t r a i g h t  l i n e .  

If w e  reverse  t h e  connections f o r  both t h e  noise  and t h e  s i g n a l  t o  

one earphone (NII Sfi), producing t h e  o ther  homophasic condition, w e  ob ta in  a 

narrow e l l i p s e  running from lower r i g h t  t o  upper l e f t - - an  almost pe r f ec t  negative 

co r re l a t ion .  Now i f  w e  reverse  t h e  connections for t h e  s i g n a l  but not for t h e  

noise  (NO SII), we obtain a d r a s t i c a l l y  d i f f e r e n t  pa t te rn ,  spreading ac ross  t h e  

face  of t h e  scope. Even when we reduce t h e  s i g n a l  t o  a very small value, we 

s t i l l  see  some spreading of t h e  pa t te rn  from what i s  t h e  case where only t h e  

in-phase noise  i s  present,  or in-phase noise and in-phase s i g n a l .  

to-noise r a t i o  needed fo r  de t ec t ion  is vanishingly small for t h e  an t iphas i c  

condition. 

i n  t h e  length  of t h e  narrow Lissajous pa t t e rn ,  and a s u b s t a n t i a l  s i g n a l  is  

requi red  t o  produce a d e f i n i t e  change; f o r  t h e  an t iphas ic  condition, however, 

t h e  add i t ion  of even a very s m a l l  s igna l  w i l l  produce enough spreading t o  be 

e a s i l y  not iced .  

The s igna l -  

For t h e  d i o t i c  condition, w e  can d e t e c t  t h e  s i g n a l  only as a change 

The d i f f e rence  i n  t h e  s t i m u l i  f o r  t h e  d i o t i c  and t h e  an t iphas i c  cases 

i s  obviously grea t ;  how do t h e  ea r s  make use of i t? The spread of  t h e  Lissajous 
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p a t t e r n  i n  t h e  an t iphas i c  case suggests phase ( t h e  phase r e l a t i o n  between 

noise  p lus  s i g n a l  a t  one ear and noise p lus  s i g n a l  a t  t h e  o t h e r )  as t h e  poss ib le  

basis. 

Webster (1951) proposed tha t  t h e  band of noise t h a t  masks a tone, t h e  

c r i t i c a l  band, can be thought of as resembling a sinusoid which varies slowly 

i n  phase and i n  amplitude, and t h a t  adding a t o n a l  signal w i l l  y i e ld  a r e s u l t a n t  

t h a t  gene ra l ly  w i l l  d i f f e r  i n  phase fran t h e  o r i g i n a l  no ise .  If, i n  a p a r t i c u l a r  

ins tance ,  adding t h e  s i g n a l  a t  one ear advances t h e  s i g n a l  p lus  noise  i n  phase, 

adding t h e  s i g n a l  reversed i n  phase a t  t h e  other ear w i l l  retard it. There w i l l  

be a phase d i f f e rence  between t h e  s igna l  p lus  noise  a t  one ear and t h e  s i g n a l  p lus  

no i se  a t  t h e  o ther .  It i s  t h i s  i n t e r a u r a l  phase d i f f e rence  which provides t h e  

basis f o r  b inau ra l  de tec t ion .  Webster assumed that the  i n t e r a u r a l  phase differ-  

ence w a s  represented t o  t h e  c e n t r a l  nervous system as an i n t e r a u r a l  time differ-  

ence. He computed i n t e r a u r a l  t i m e  d i f fe rences  f o r  t h e  case where t h e  s i g n a l  and 

t h e  narrow band of noise were i n  quadrature a t  the  moment of addi t ion ,  using 

vec tor  triangles t o  i l l u s t r a t e  t h e  process. 

B. Vector Diagram f o r  Hirsh's  Data 

Let us follow Webster, but employ t h e  procedure of  Chapter 13 t o  a r r i v e  

a t  our vector  triangles. Figure 8 of Chapter 13 gives an example. The s i g n a l  

and t h e  narrow band of noise  may be i n  any phase r e l a t i o n  a t  t h e  moment of addi t ion ,  

and t h e  noise  m y  have any amplitude. To s impl i fy  making a n  appropr ia te  drawing, 

l e t  us choose t y p i c a l  values fo r  phase and f o r  amplitude. For phase, 45" i s  a 

convenient mid-value, and f o r  amplitude, t h e  median i s  t y p i c a l .  From Eq. ( 3 )  

of Chapter 13 w e  can determine t h e  median by s u b s t i t u t i n g  5 6  (0 .50)  f o r  P(a > a i )  

and so lve  f o r  ai. We f ind  it t o  be 1.177~. Let us use t h i s  value f o r  t h e  length  

of  our noise  vec tor .  
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For the  NO SJC condition a t  500 cps, Hirsh employed a noise  having 

a s p e c t r a l  l e v e l  of 59.1 dB. If we assume a c r i t i c a l  bandwidth of 50 cps, 

w e  obtain an e f f e c t i v e  l e v e l  f o r  the noise  of 76.1 dB (59.1 + 10 log 5 O ) ,  

Hirsh found t h e  50$ threshold t o  require a s i g n a l  l e v e l  of 64.1 dB. If we 

t ake  t h e  r m s  noise  voltage, Q, t o  be u n i t y  (see Chapter 13, p. ll), t h e  s igna l  

vol tage (76.1 - 54.1 = 12 dB less) will be 0.25 u n i t s  (-12 = 20 log 0.25). 

Figure 1 i s  a vector  diagram i l l u s t r a t i n g  the  addi t ion  of s igna l  

t o  noise  f o r  t h i s  t y p i c a l  instance.  The noise vector i s  drawn as having a 

length  of 1.177 units, s ince the  median value of t he  noise amplitude i s  1 . 1 7 7 ~ .  

The s i g n a l  is  drawn as having a length of 0.25 un i t s ,  and a t  a t y p i c a l  angle, 

45". The r e su l t an t  noise-plus-signal amplitude i s  1.36 u n i t s  and t h e  phase 

angle between t h e  noise vector  and the noise-plus-signal vector i s  7.5". 

small change of amplitude from 1.177 t o  1.36 would r a r e l y  be detected monaurally. 

The 

Figure 2 i s  t h e  vector  diagram f o r  t h e  NO SJC condition. The noise  

vector  i s  t h e  same f o r  both ears, but t h e  s igna l  vector f o r  t he  l e f t  ea r  i s  

drawn i n  t h e  opposite d i r ec t ion  from that f o r  t h e  r i g h t  because of t h e  i n t e r -  

a u r a l  phase reversa l  f o r  t h e  s igna l .  Relat ive t o  t h e  noise,  t h e  r i g h t  ear  leads 

by 7.5" and t h e  l e f t  ear l ags  by 10". The r i g h t  ear leads t h e  l e f t ,  therefore ,  

by 17.5".  

two ears w i l l  be 97 psec (17.5"/360" t i m e s  t h e  period of a 500 cps tone, 2.0 

msec). 

The equivalent difference i n  t h e  t i m e  of corresponding events a t  t h e  

It is  t h i s  t i m e  d i f fe rence  which i s  responsible f o r  t h e  b inaura l  de tec t ion  

of t h e  s igna l .  

111. NEURAC MECHANISMS 

A .  Peripheral  Mechanism 

I n  order t o  make use of  the f a c t  t h a t  t h e  st imulus t o  one ear  leads t h e  

st imulus t o  t h e  other  by a ten-thousandth of a second, t he  nervous system must 

provide two mechanisms--a peripheral  one which preserves t h e  temporal information 
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i n  t h e  stimulus and t ransmi ts  it t o  a higher center,  and a c e n t r a l  one where 

t h e  temporal information from t h e  two sides i s  compared. Rutherford (1886), 

who w a s  apparently t h e  f irst  t o  r ea l i ze  t h a t  such machinery was e s s e n t i a l  t o  

a n  explanation of o w  a b i l i t y  t o  loca l i ze  tones, incorporated it i n t o  h i s  

"telephone" theory. The discovery by Adrian (1914) t h a t  neurons operate on 

t h e  all-or-none p r inc ip l e ,  and t h a t  they  a r e  r e f r a c t o r y  f o r  a moment a f t e r  con- 

duc t ing  a n  impulse, confised t h e  issue for a t i m e ,  but on t h e  b a s i s  of t h e i r  

experimental work, Wever and Bray (1.930) affirmed t h e  a b i l i t y  of t h e  audi tory  

nerve t o  "follow" t h e  sound up t o  frequencies as high as any involved i n  t h e  

l o c a l i z a t i o n  of tmes  by t i m e  o r  phase d i f f e rences .  

Recent work (see Chapter 7) has shown t h a t  t he re  are neurons i n  t h e  

aud i to ry  nerve which f i r e  i n  s t e p  with t h e  stimulus, with i n t e r s p i k e  i n t e r v a l s  

equal t o  t h e  period of t h e  tone or t o  mul t ip les  of t h e  per iod .  They appear t o  

be t h e  fibers employed i n  loca l iz ing  tones,  and i f  so, they  a l s o  provide t h e  

b a s i s  f o r  t h e  b inau ra l  de tec t ion  of t o n a l  s i g n a l s .  

B. Cent ra l  Mechanism 

J e f f r e s s  (1948) described a hypothe t ica l  c e n t r a l  mechanism for con- 

v e r t i n g  a d i f f e rence  of time i n t o  a d i f f e rence  of place.  It depended f o r  i t s  

operation upon neura l  summation ( s p a t i a l  summation a t  a synapse) of simultaneously 

a r r i v i n g  impulses from t h e  two cochleas, and achieved t h e  necessary s imul tane i ty  

by neura l ly  delaying t h e  impulses from t h e  ea r  that l e d  i n  t ime. The neura l  de lay  

introduced i n t o  t h e  leading channel matched t h e  a c o u s t i c a l  de lay  i n  t h e  lagging. 

Jeffress thought of t h e  mechanism as  having l e f t - t o - r i g h t  i n  space d i s t r i b u t e d  

along one s p a t i a l  dimension i n  t h e  nervous system, and low-to-high i n  p i tch ,  along 

another .  I n  modern usage, t h e  mechanism would be described as a c ross -cor re la t ion  

matrix, with each synapse serving as a m u l t i p l i e r  or  "AND" g a t e .  While t h e  de- 

v i c e  was o r i g i n a l l y  proposed f o r  loca l iza t ion ,  it has been employed ( see  J e f f r e s s ,  
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Blodgett, Sandel, and Wood, 1956) t o  account f o r  many of t h e  b inau ra l  phenomena 

of masking. 

Galambos (1957), Galambos, Schwartzkopff, and Rupert (1959), and 

Moushegian, Rupert, and Whitcombe (1964) ( see  Chapter 20) ,  have described c e l l s  

loca ted  i n  t h e  accessory o l iva ry  nucleus (medial super ior -o l ivary  nucleus) which 

are, as Galambos put it, ". . .exquisitely s e n s i t i v e  t o  whether or not t h e  sounds 

have been presented simultaneously." 

by Jef f ress  i n  showing inh ib i t i on  ra ther  than summation, i n  being "Not AND" ga t e s  

r a t h e r  than "AND" ga tes ,  bu t  they do show frequency s e l e c t i v i t y ,  and do appear t o  

be d i s t r i b u t e d  i n  t h e  t i m e s  they requi re  f o r  l e f t - r i g h t  r e so lu t ion .  

They d i f f e r  from t h e  c e l l s  hypothesized 

The population of c e l l s  studied t o  da t e  i s  not  l a r g e  enough t o  j u s t i f y  

a very e labora te  model, but w e  may safe ly  assume t h a t  a region (o r  reg ions)  

ex is t s  i n  t h e  c e n t r a l  nervous system where t i m e  d i f f e rences  a r e  represented i n  

some form t o  higher cen te r s .  Whether t h i s  representa t ion  i s  s p a t i a l l y  d i s -  

t r i b u t e d  as J e f f r e s s  suggested, o r  i s  dependent upon d i f f e rences  i n  a c t i v i t y  of 

l e f t  and r i g h t  on-going channels (B&k&y, 1930, van Bergeijk, 1962) i s  not 

c r u c i a l  t o  our present discussion. 

i s  d i s t r i b u t e d  i n  frequency. 

We may a l s o  s a f e l y  assume t h a t  t h e  region 

On t h e  bas i s  of psychophysical f indings,  we appear t o  be j u s t i f i e d  i n  

making t h e  f u r t h e r  assumption t h a t  the c e l l  populations assoc ia ted  with t h e  

median plane are l a r g e r  than  those associated wi th  regions ly ing  t o  t h e  r i g h t  

or l e f t .  

wi th  more la teral  pos i t ions  (see Chapter 17) supports t h i s  assumption. 

The g r e a t e r  accuracy of l oca l i za t ion  near t h e  median plane as compared 

The two assumptions, frequency s e l e c t i v i t y  and g r e a t e r  c e l l  dens i ty  

for t h e  median plane, are given addi t iona l  support by t h e  following r a t h e r  

s t r i k i n g  demonstration: The subjec t  l i s t e n s  t o  a narrow band of noise centered 

a t  500 cps and lagging a t  one e a r  by 2.0 msec. He hears  t h e  noise  as loca ted  
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i n  t h e  middle of h i s  head, much as  i f  it were a 500 cps tone delayed by one 

period and hence i n  phase again.  Now we increase  t h e  bandwidth of t he  noise .  

The subjec t  hears  t h e  sound spread out from t h e  center .  A s  t h e  bandwidth i s  

widened t o  a f e w  hundred cycles per second, t he  subject  hears  t h e  sound move 

toward t h e  leading s ide,  and by t he  time t h e  bandwidth i s  two- o r  th ree-  

thousand cycles per second, he hears  t h e  sound as t i g h t l y  bunched a t  t he  leading 

e a r .  

w a s  t h e  only noise  present,  he heard c l e a r l y  as i n  the  center  of h i s  head. 

He  i s  no longer aware of t he  500 cps narrow band of noise, which when it 

Our model explains t h e  foregoing demonstration r a the r  simply. The 

broad-band noise, lagging i n  i t s  a r r i v a l  a t  one ea r  by 2.0 msec, produces neural  

a c t i v i t y  i n  t h e  channels f o r  t h a t  ear which can be matched with corresponding 

a c t i v i t y  i n  t h e  channels for t h e  other ear by introducing a 2.0-msec neura l  de lay  

i n  those channels. The coincidence thus es tab l i shed  y i e lds  t h e  perception of 

sidedness, and because a l l  frequencies requi re  the  same delay f o r  temporal coin- 

cidence, they w i l l  a l l  have t h e  same l a t e r a l  pos i t ion :  2.0 msec toward one s i d e .  

A t  t he  same t i m e ,  t h e  500 cps part of t h e  noise  is  achieving coincidence i n  t h e  

middle of t h e  head and with no neural delays,  through matching the first cycle 

from t h e  lagging ea r  with t h e  second cycle  from t h e  leading ear ,  and so  on. 

This sound, however, is not heard because the preponderance of l a t e r a l  a c t i v i t y  

where a l l  frequencies a r e  loca l ized  obscures it. When the  bandwidth is  reduced, 

leaving only a narrow band centered a t  500 cps, t h e  denser population associated 

with t h e  median plane preva i l s  and dominates perception. 

as centered. 

The sound i s  heard 

To make t h i s  descr ip t ion  more e x p l i c i t ,  l e t  us  assume t h a t  t he re  are 

a thousand c e l l s  associated with a given frequency-band a t  t he  median plane, 

and only t e n  with the  same band f o r  a neural  de lay  of 2 .0  msec. 

narrow-band noise  lagging by 2.0-msec a t  one ear would, therefore ,  s t i r m l a t e  a 

A ~ O O - C P S ,  
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thousand c e l l s  (through coincidences between t h e  second cycle from t h e  leading 

s i d e  and the  first cycle from t h e  lagging) f o r  every t e n  c e l l s  t h a t  were 

st imulated through coincidences between t h e  acous t i ca l ly  delayed impulses from 

one s i d e  and neura l ly  delayed impulses from t h e  o the r .  The thousand w i l l  pre- 

va i l  over t h e  ten ,  and t h e  sound w i l l  be heard as centered. When w e  increase  

t h e  range of frequencies, we increase t h e  number of t e n s  proportionately,  but 

not t h e  thousands. Only t h e  500-cps band w i l l  be centered. Other nearby fre- 

quencies w i l l  l i e  t o  t h e  r i g h t  and t o  t h e  l e f t .  More d i s t a n t  frequencies w i l l  

l i e  f a r t h e r  t o  t h e  r i g h t  and t o  t h e  lef t ;  f o r  them neura l  delays w i l l  b e  re- 

quired f o r  coincidence between t h e  lagging first impulses from one side and t h e  

second impulse from t h e  o the r .  Only f o r  500 cps w i l l  t he se  coincidences f a l l  

i n  t h e  median plane. But a neura l  delay of 2.0 msec w i l l  produce coincidence 

between t h e  acous t i ca l ly  lagging f i r s t  cycles from one s i d e  and t h e  neu ra l ly  

delayed first cycles from t h e  o ther  f o r  a l l  frequencies.  I f  w e  make t h e  band 

of no ise  wide enough, t h e  many t e n s  w i l l  p r e v a i l  over t h e  f e w  thousands, and 

- 

w i l l  dominate perception. We w i l l  hear t h e  sound as s ided .  

C .  Huggins's P i t ch  

The f a c t  t h a t  our hypothetical  c e n t r a l  mechanism i s  d i s t r i b u t e d  i n  

t h e  frequency/pitch domain prepares us  f o r  another phenomenon: t h a t  p i t c h  can 

be created by b inaura l  i n t e r a c t i o n  where none e x i s t s  with e i t h e r  monaural 

st imulus.  Huggins and later, Cramer and Huggins (1958) s h i f t e d  t h e  phases of 

t h e  frequencies i n  a wide band of noise, moving them i n  one d i r e c t i o n  when they 

were above 600 cps and i n  t h e  opposite d i r e c t i o n  when they  were below 600 cps.  

The r e s u l t i n g  noise  was s t i l l  "white" and sounded exac t ly  l i k e  t h e  unaltered 

white no ise  when heard a l t e r n a t e l y  with it. But when t h e  a l t e r e d  no i se  w a s  

appl ied  t o  one ear and t h e  unaltered t o  t h e  other,  t h e  subjec t  heard a 600 cps 

"p i tch iness"  i n  t h e  middle of h i s  head. The sound had t h e  q u a l i t y  of a 600 cps 
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narrow band of no ise .  This i s  exactly what w e  should expect. The unshi f ted  

600 cps component of t h e  noise  w i l l  achieve cycle-by-cycle coincidences i n  t h e  

median plane, bu t  t h e  phase-shifted TOO cps component w i l l  be loca ted  t o  one 

s i d e  where t h e  neura l  population i s  smaller, and t h e  500 cps component t o  t h e  

o ther  s ide ,  where again t h e  population i s  smaller.  

w i l l  dominate perception and w e  w i l l  hear a centered, 600-cps band of noise, 

having t h e  p i t c h  assoc ia ted  with 600 cps. 

The l a r g e r  600-cps population 

D. Central  Mechanism and Binaural Detection 

Let us assume t h a t  w e  a r e  l i s t e n i n g  t o  t h e  noise  of  Fig.  2.  The part 

of t h e  noise involved i n  masking i s  a narrow band centered a t  500 cps. It i s  

sending a series of impulses t o  t h e  500 cps region of t h e  c e n t r a l  mechanism. 

Sirs  of t h e s e  impulses a r i s i n g  from corresponding parts of t h e  waveforms a t  

t h e  two ears w i l l  a r r i v e  more or l e s s  simultaneously a t  t h e  cen te r .  I f  t h e  ears 

were pe r fec t  transducers and if  t h e  coincidence devices of t h e  c e n t r a l  mechanism 

were a l s o  per fec t ,  t h e  r e s u l t i n g  loca l i za t ion  would be pe r fec t  and w e  would hear 

a sound p rec i se ly  centered i n  t h e  median plane.  

t h a t  t h e  neura l  following of t h e  sound is  not per fec t ;  t h e r e  w i l l  be some f l u c -  

t ua t ion ,  and impulses w i l l  be generated a t  one ear a l i t t l e  e a r l i e r  i n  t h e  cycle, 

o r  a l i t t l e  later,  than t h e  corresponding impulses a t  the  o ther  ear. This w i l l  

produce s l i g h t  f l uc tua t ions  i n  t h e  times of a r r i v a l  of t h e  impulses a t  t h e  c e n t r a l  

mechanism, and consequently, a f luc tua t ion  i n  t h e  l e f t - r i g h t  pos i t i on  of t h e  

sound image. W e  can t h i n k  of t h i s  f luc tua t ion  as being a new kind of "noise"; 

as being, i n  f a c t ,  t h e  "noise'' t h a t  is going t o  do t h e  masking. I f  it did not 

e x i s t ,  t h e r e  would be no masking. The acous t i c  noise,  t h e  stimulus, would provide 

a p rec i se  center,  a reference from which t h e  l e f t - r i g h t  depar tures  t h a t  r e s u l t  

from adding t h e  s igna l  would stand out sharply.  

W e  know, however, ( s ee  Chapter 20) 

Now l e t  us add the  s i g n a l .  Figure 2 shows us one of t h e  poss ib le  re- 

s u l t s .  For t h e  p a r t i c u l a r  combination of phase and amplitude shown t h e r e ,  t h e  
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impulses a r i s i n g  a 

t h e  l e f t  ear by 97 psec. Before the  s i g n a l  was added, t h e  impulses were 

a r i s i n g  more o r  l e s s  simultaneously. A s  a consequence of adding the  s igna l ,  

t h e  image w i l l  move from t h e  median plane, and t h e  noise-plus-signal image 

w i l l  appear 97 psec t o  the  r i g h t .  The next s igna l ,  involving a new combina- 

t i o n  o f  amplitude and phase, may yield a noise-plus-signal image which moves 

f a r t h e r  t o  t h e  r i g h t  o r  t o  t h e  l e f t ,  o r  which moves so l i t t l e  from t h e  median 

plane as t o  f a i l  t o  escape from t h e  "noise" and so go undetected. 

t h e  r i g h t  e a r  w i l l  lead t h e  corresponding impulses from 

Recalling t h a t  t he  loca l i za t i cn  mechanism is  d i s t r i b u t e d  i n  t h e  

frequency-pitch domain as we l l  as  i n  t h e  t i m e ,  we w i l l  expect t h e  image t o  

acqu i r e  p i t c h  when it moves from the  median plane. 

500-cps region conspicuous, d i f f e ren t  i n  a c t i v i t y  from other frequency regions, 

w i l l  arouse t h e  p i t ch  associated w i t h  500 cps. 

because of  t he  movement from t h e  median plane t h a t  it produces, but w e  w i l l  

hear it as a 500-cps "pitchiness." 

Anything t h a t  makes t h e  

W e  w i l l  d e t e c t  t h e  s i g n a l  

- 
Recently, Hafter, Bourbon, Blocker, and Tucker (1964) have reported 

a s tudy  i n  which t h e  subjec ts  positioned a s l i d e r ,  similar t o  t h a t  used by 

Watson, e t  a1 (1964), t o  i nd ica t e  where i n  the  head they  heard t h e  s i g n a l .  

The ends of t h e  l e f t - r i g h t  t r a v e l  of t h e  s l i d e r  represented t h e  ears, and t h e  

center,  t h e  middle of t h e  head. When a very weak s i g n a l  w a s  employed, t h e  

responses were bunched toward the  center, bu t  with a s t ronger  s igna l  they  were 

more spread out .  For very strong signals,  t h e  responses were bunched near t h e  

e a r s .  Any given s i g n a l  i s  

equal ly  l i k e l y  t o  be t o  t h e  l e f t  o r  t o  t h e  r i g h t ,  and t h e  amount of movement 

w i l l  b e  a function of t h e  momentary i n t e r a u r a l  phase d i f fe rence ,  and hence 

of t h e  length of t h e  s i g n a l  vec to r .  

-- 

This i s  exac t ly  as predicted from our theory.  
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A .  ROC Curves 

I n  t h e  same way t h a t  t h e  

Chapter 13 t o  i n f e r  something abou 

ROC curves f o r  human observers were used i n  

the  under ying d i s t r i b u t i o n  f'unctions f o r  

no ise  and f o r  no ise  p lus  s igna l ,  s o  they may be used here f o r  b inau ra l  de t ec t ion .  

Watson, R i l l i ng ,  and Bourbon (1964) repeated t h e  r a t ing - sca l e  experiment described 

i n  Chapter 13, t h i s  t i m e  f o r  t h e  NO ST[, ant iphas ic  stimulus condition. The re- 

s u l t i n g  ROC curves were very d i f f e ren t  from those  they had obtained e a r l i e r  with 

t h e  same subjec ts ,  but under t h e  d i o t i c  condition. J u s t  as t h e  e a r l i e r  curves 

were d i f f e r e n t  from curves derived from overlapping normal d i s t r i b u t i o n s ,  and 

suggested ins tead  the  Rayleigh function f o r  amplitude, so our present curves are 

d i f f e r e n t  from e i t h e r ,  and suggest s t i l l  d i f f e r e n t  d i s t r i b u t i o n  functions f o r  

no ise  and p lus  s igna l .  This should not s u r p r i s e  us, s ince  we be l i eve  t h a t  our 

present s t imu l i  are i n t e r a u r a l  t i m e  d i f fe rences ;  our "noise" i s  neura l  'ho ise"  

and our "signal" is  t h e  i n t e r a u r a l  t i m e  d i f f e rence  which r e s u l t s  when w e  add a 

t o n a l  s i g n a l  t o  t h e  acoustic-noise stimulus. To d i s t i n g u i s h  which noise  and 

which s i g n a l  i s  being discussed, l e t  us continue t o  employ quotation marks when 

we refer t o  t h e  neural  "noise" or  "signal" and omit them when we a r e  r e f e r r i n g  

t o  t h e  physical s t i m u l i .  

B. D i s t r ibu t ion  Function for "Noise" 

W e  have pictured t h e  "noise" with which w e  are concerned as a random 

f l u c t u a t i o n  around t h e  median plane, caused by i r r e g u l a r i t i e s  i n  t h e  a r r i v a l  

t i m e s  of corresponding impulses from t h e  two ea r s .  The d i s t r i b u t i o n  of t hese  

t i m e  d i f f e rences  should be symmetrical around zero.  We should a l s o  expect it 

t o  be normal, s ince  t h e  d i f f e rences  a r e  e s s e n t i a l l y  "er rors"  and a r e  due t o  a 

m u l t i p l i c i t y  of causes. 

of transform (power func t ion?)  of half of a normal d i s t r i b u t i o n ,  s ince  he i s  

The s u b j e c t ' s  responses should the re fo re  be some s o r t  
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responding t o  the  magnitude of t h e  in t e rau ra l  time d i f fe rence ,  not t o  i t s  s ign .  

Let u s  take  h a l f  of a normal d i s t r i b u t i o n  then as representing t h e  "noise." 

C .  Dis t r ibu t ion  Function f o r  "Signal" 

The "signal" f o r  b inau ra l  de tec t ion  r e s u l t s  (as i n  Fig.  2 )  from t h e  

phase d i f f e rence  between t h e  vec tor  sum of noise  p lus  s i g n a l  a t  one e a r  and 

t h a t  a t  t h e  o ther .  To determine how t h e  corresponding time d i f f e rences  are 

d i s t r i b u t e d ,  l e t  us use  t h e  construction of F ig .  2 with t h e  da t a  from t h e  exper- 

iment of Watson, R i l l i ng ,  and Bourbon. Their s i g n a l  had a l e v e l  of 54 dB; t h e i r  

no ise  had a s p e c t r a l  l e v e l  of 50 dB. I n  F ig .  2 we assumed a c r i t i c a l  bandwidth 

of 30 cps, but recent work by Langford and Jeffress (1964) ind ica t e s  t h a t  100 cps 

would be a b e t t e r  estimate of t h e  bandwidth assoc ia ted  with b inaura l  de tec t ion  

a t  300 cps. L e t  us use t h a t  value.  The e f f e c t i v e  l e v e l  of t h e  noise  w i l l  then  

be 30 + 10 log  100 = 70 dB. If w e  take t h e  r m s  vo l tage  of t h e  e f f e c t i v e  band 

of no ise  corresponding t o  t h i s  as unity, t h e  r m s  s igna l  vo l tage  w i l l  be 0.158 

u n i t s  (20 l o g  S = 54 - 70 = - 16 dB) .  W e  w i l l  use 0.138 as t h e  length  of our 

s i g n a l  vec tor .  If t h e  r m s  noise voltage, 7, i s  taken as uni ty ,  we can determine 

from t h e  Rayleigh d i s t r i b u t i o n  a s e r i e s  of equal ly  probable values of t h e  noise  

amplitude t o  use as our noise vectors ( s e e  Chapter 1 3 ) .  

By taking t e n  mid-decile values of t h e  noise  amplitude and twelve equi- 

probable phase angles (every l5"), we obta in  120 equal ly  probable values of  t h e  

i n t e r a u r a l  phase angle and 120 corresponding time d i f f e rences .  

histogram of these  t i m e  d i f f e rences .  The shape of t h e  d i s t r i b u t i o n  i s  charac te r -  

Figure 3 i s  a 

i s t i c ,  and appeared when other values were chosen f o r  t h e  s igna l  amplitude. 

"hump" i n  t h e  t a i l  of t h e  d i s t r i b u t i o n  is due t o  t h e  frequently-occurring l a r g e  

The 

i n t e r a u r a l  time d i f f e rences  which r e s u l t  when t h e  noise  amplitude i s  s m a l l ,  and 

t h e  s igna l ,  therefore ,  r e l a t i v e l y  large.  
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D .  Dis t r ibu t ion  f o r  "Signal" plus "Noise" 

The s u b j e c t ' s  decision i s  based upon t h e  d i f f e rence  i n  magnitude 

between t h e  "noise" and t h e  "signal-plus-noise ." We need therefore  t o  know 

t h e  na tu re  of t h e  SN d i s t r i b u t i o n .  Adding "noise" t o  t h e  "signal" means adding - 
( o r  sub t r ac t ing )  a small, normally d i s t r ibu ted ,  time d i f f e rence  t o  t h e  genera l ly  

l a rge r ,  oddly d i s t r ibu ted ,  t i m e  d i f fe rence  t h a t  i s  t h e  "s igna l . "  The e f f e c t  of 

t h i s  add i t ion  w i l l  be t o  make t h e  variance of t h e  SN d i s t r i b u t i o n  s l i g h t l y  g r e a t e r  - 
than t h a t  of t h e  S d i s t r i b u t i o n ,  and t o  make it a l i t t l e  more nea r ly  normal, If 

w e  d i s regard  t h e ,  probably s l i g h t ,  change of shape, w e  can obta in  t,he SN d i s t r i -  

bu t ion  from t h e  S d i s t r i b u t i o n  by simply a change of sca le . .  

- 

- 
- 

E. ROC Curve f o r  NO Sfi 

Figure 4 presents  t h e  data f o r  one of t h e  sub jec t s  of t h e  study by 

Watson, R i l l i n g ,  and Bourbon, and a curve derived from t h e  d i s t r i b u t i o n  f o r  S 

( S N )  of Fig.  3 ,  and h a l f  of a normal d i s t r i b u t i o n  f o r  N .  

dev ia t ions  f o r  t h e  two d i s t r i b u t i o n s  was chosen t o  y i e ld  a point on t h e  negative 

- 
The r a t i o  of standard - - 

diagonal  t h a t  w a s  i n  agreement with the  experimental d a t a  a t  t h a t  po in t .  The 

remaining po in t s  on t h e  t h e o r e t i c a l  curve were obtained from t h e  a reas  under 

t h e  two d i s t r i b u t i o n s .  The computed value of t h e  standard devia t ion  f o r  t h e  

S (SN) d i s t r i b u t i o n  was 167 psec, and the  standard devia t ion  of t h e  N d i s t r i b u -  - - -  
t i o n  required t o  y i e ld  t h e  des i r ed  point proved t o  be 31 psec. 

An attempt w a s  made t o  f i t  t h e  data of Fig.  4 by employing ha l f  of 

a normal d i s t r i b u t i o n  f o r  S N  and chosing t h e  r a t i o  of standard devia t ions  i n  - 
t h e  s a m e  way as before .  

be seen t h a t  while t h e  f i t  i s  about as good as t h a t  f o r  t h e  s o l i d  curve i n  t h e  

The r e s u l t  was t h e  dashed curve of F ig .  4 .  It w i l l  

region t o  t h e  r i g h t  of t h e  negative diagonal,, t h e  f i t  t o  t.he l e f t  (high c r i t e r i o n  

region) i s  poor. 

alarms f o r  a given de tec t ion  l e v e l .  

The normal d i s t r ibu t ion  y i e lds  t h e  pred ic t ion  of t oo  few f a l s e  
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Data f o r  t he  other two subjects of t he  experiment were not f i t t . ed  
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s o  w e l l  by t h e  theo re t i ca l  curve as t h e  da ta  shown. 

exhibited,  i n  t h e  high c r i t e r i o n  region, higher f a l s e  alarms r a t e s  f o r  similar 

The other  two subjec ts  

de tec t ion  l e v e l s .  Attempts t o  f i t  t h e i r  data by a d i f f e r e n t  adjust,ment of t he  

r a t i o  of standard deviat ions d id  not improve matters grea t ly ,  nor did assuming 

a d i f f e r e n t  value f o r  t h e  e f f e c t i v e  l e v e l  of t h e  s igna l .  A good f i t  could be 

obtained only by assuming that the  subjects 

p l a tykur t i c  (Pearson's 8 ca 3 . 6 ) .  

is  immediately apparent.  

"noise" d i s t r i b u t i o n  w a s  somewhat 

No t h e o r e t i c a l  bas i s  f o r  such a d i s t r i b u t i o n  2 

V. OTIW B I " R A L  STIMULUS CONDITIONS 

A .  Binaural Noise, Monaural Signal 

The case where t h e  noise  i s  b inaura l  and i n  phase a t  the  ears and t h e  

s igna l  i s  monaural (NO Sm) i s  a n  in t e re s t ing  one. Hirsh (1948), i n  h i s  pioneer- 

ing study of b inaura l  phenomena, invest igated t h i s  case and found t h a t  it pro- 

vided some release from masking compared with t h e  homophasic condi t ions.  The 

poorer de tec t ion  i n  t h e  homophasic cases he re fer red  t o  as instances of "binaural 

i nh ib i t i on . "  Later work, growing out o f  h i s ,  has shown that the  two homophasic 

conditions are no worse than t h e  monotic ( see  e .g . ,  J e f f r e s s ,  e t  a1 1956) and 

t h a t  i f  w e  use t h e  monotic condition a s  t h e  base from which t o  determine masking 

-- 

l e v e l  differences,  t h e  d i f fe rences  are pos i t i ve  (or zero) .  A possible  exception 

occurs when t h e  noise  f o r  t h e  two ears comes from independent sources.  Whitmore 

(1964) and Mulligan (1964) have both found small negative MLDs f o r  t he  Nu Sm 

condition as compared t o  t h e  Nm Sm.  Miller (1964), on t h e  ot.her hand, has found 

e i t h e r  no difference or a s l i g h t  pos i t ive  one. I n  e i t h e r  case t h e  d i f fe rence  

is  small, usua l ly  l e s s  than 1 dl3, much smaller than t h e  d i f fe rence  between NO Sm 

and Nm Sm. 

Figure 1 can be used t o  i l l u s t r a t e  t h e  NO Sm condition i f  w e  t ake  t h e  

noise  vector  as represent ing the  noise st imulus t o  both ears. Tne s igna l  
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vec tor  i s  monaural, and t h e  r e su l t an t  phase angle, 8 ,  i s  both t h e  phase angle 

between t h e  r e s u l t a n t  and t h e  o r ig ina l  noise, and between t h e  r e s u l t a n t  a t  one 

ear and t h e  noise a t  t h e  o the r .  It is the re fo re  t h e  i n t e r a u r a l  phase angle, 

and is  t h e  b a s i s  f o r  t h e  b inau ra l  improvement i n  de t ec t ion  t h a t  occurs under 

t h i s  st imulus condition. 

The s i ze  of t h e  i n t e r a u r a l  angle is independent of t h e  length  of t h e  

noise  vec tor  a t  t h e  "off" (non-signal) e a r  s o  long as t h i s  noise i s  co- l inear  

wi th  t h e  o the r  no ise  vec tor .  

t h e  MLDs obtained i n  t h e  NO Sm condition would be independent of t h e  noise  l e v e l  

a t  t h e  "off" ear, so long as t h e r e  was some noise.  

t r u e  i s  due t o  the  presence of t h e  neural  "noise." Blodgett, J e f f r e s s ,  and 

Whitworth (1962) var ied  t h e  l e v e l  of t h e  no i se  i n  t h e  "off'' ear from a value 

equal t o  t h a t  i n  t h e  ear rece iv ing  t h e  s i g n a l  down t o  zero  vol tage .  

a progressive reduction i n  t h e  corresponding MLDs. 

ear w a s  more than 10 dB below t h a t  i n  t h e  ear receiving t h e  s igna l ,  t h e  MLDs 

were zero.  Recently, @an (1964), using a more s e n s i t i v e  psychophysical method, 

has found a measurable MLD even with noise  40 dB below t h a t  i n  t h e  e a r  receiving 

t h e  s i g n a l .  

"monaural" but nevertheless gave MLDs i n d i c a t i v e  of some b inaura l  de t ec t ion .  

On t h i s  b a s i s  w e  should the re fo re  p red ic t  t h a t  

That t h i s  pred ic t ion  i s  not - 

They found 

When t h e  noise  i n  t h e  "off" 

Under these  conditions,  Egan's subjec ts  described t h e  noise  as being 

The angle between t h e  noise vec tor  a t  one e a r  and t h e  noise-plus-signal 

vec tor  a t  t h e  o ther  i s  equally often p o s i t i v e  and negative.  

f o r e  has  no way of knowing which ear is  rece iv ing  t h e  s i g n a l  unless he d e t e c t s  

it monaurally, which he w i l l  not often do with t h e  weak s i g n a l s  employable i n  

t h i s  st imulus condition (NO Sm). 

by presenting t h e  s i g n a l  randomly t o  one ea r ,  or  t h e  o the r  ear, and asking t h e  

subjec t  t o  ind ica t e  which e a r  received t h e  s igna l .  The s u b j e c t s '  performances 

on t h e  l e f t - r i g h t  p a r t  of t h i s  t a s k  was near t h e  chance l e v e l  while they  were 

The subjec t  t he re -  

Egan and Benson (1964) t e s t e d  t h i s  pred ic t ion  
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s t i l l  ab le  t o  y ie ld  subs t an t i a l  detect ion scores .  

t h e  s i g n a l  l a rge  enough t o  y ie ld  good monaural de tec t ion  scores,  t h a t  they 

obtained r e l i a b l e  l e f t - r i g h t  information fromtheirsubjects .  

It was only when they made 

B. Ef fec t  of Noise C o r r e l a t i o n  

Lickl ider  (1948) showed tha t  reducing t h e  i n t e r a u r a l  cor re la t ion  for 

t h e  masking noise  reduces t h e  MLDs associated with reversing t h e  phase of t h e  

s igna l .  W e  may denote t h i s  stimulus condition as N+ SIT, where t h e  plus  sign 

indica tes  t h a t  t h e  noise a t  t h e  two ears  i s  pos i t i ve ly  correlated but  with a 

co r re l a t ion  l e s s  than uni ty .  Licklider achieved t h i s  reduction of cor re la t ion  

by adding noise from two add i t iona l  n o i s e  generators,  one f o r  each ea r .  

of t he  noise  received by h i s  subjects  was therefore  NO ( t h e  common pa r t ,  

p e r f e c t l y  cor re la ted)  and part was Nu. 

coef f ic ien t  i s  given by t h e  r a t i o  of t h e  power i n  t h e  cor re la ted  part t o  t h e  

t o t a l  power, provided that the  spectra of t h e  three noises  are t h e  same, and 

t h a t  matching l e v e l s  are used a t  t h e  two ea r s .  

Where Lickl ider  had used speech a s  h i s  s igna l ,  Jeffress, Blodgett, 

Part 

Lickl ider  showed t h a t  t h e  cor re la t ion  

and Deatherage (1953) used a 500 cps tone.  They found a reduction i n  t h e  

MLDs as the  cor re la t ion  w a s  reduced f i v m  +1.0 t o  0.0. Later, Robinson and 

J e f f r e s s  (1963) repeated and extended t h e  work of J e f f r e s s  e t  a1 using a two- 

i n t e r v a l  forced-choice procedure w i t h  a t ona l  s igna l .  Both groups found a 

rap id  reduction i n  MLDs as the  cor re la t ion  w a s  reduced s l i g h t l y ,  with a slower 

rate of reduction fo r  f’urther reductions of t h e  cor re la t ion .  

_ -  

J e f f r e s s ,  Blodgett, and Deatherage (1952) reduced the  cor re la t ion  

f o r  t h e  noise  by a d i f f e r e n t  method; by adding a t i m e  delay t o  the  noise  

channel for  one ear ,  and thus reducing t h e  au tocorre la t ion .  Their f i n d -  

ings suggested that t h e  Mu) drops more r ap id ly  when t h e  cor re la t ion  

i s  reduced by a t i m e  delay than when it i s  reduced by adding uncorrelated 

noise .  The au tocorre la t ion  f o r  a rectangular band of noise  is  given 



s i n  I E ~ ~ T  p = #T cos 2rcfT 

where W is  t h e  bandwidth, f i s  the  center frequency and T i s  t h e  time delay - 
i n  one channel. 

computation of t h e  co r re l a t ions .  Langford and J e f f r e s s  (1964) repeated and 

extended t h e  work, carrying t h e  t i m e  delays t o  9 msec, and aga in  basing t h e  

ca l cu la t ions  on a bandwidth of 50 cps, found t h e  same rap id  drop i n  MLDs as 

t h e  co r re l a t ion  w a s  reduced from 1.0. 

Langford and Jeffress found t h a t  a narrow band of no ise  (50 cps)  yielded much 

l a r g e r  MLDs for t h e  NO Ssc stimulus condition than  those  assoc ia ted  with a 

wide band of noise, where f o r  t h e  d i o t i c  condition (NO S O )  de t ec t ion  was t h e  

same with t h e  narrow-band masker and t h e  wide-band. They i n f e r r e d  from t h i s  

t h a t  t h e  band of noise involved i n  b inaura l  de t ec t ion  i s  wider than t h a t  for 

monaural o r  d i o t i c  de tec t ion ,  arguing t h a t  s ince  narrowing t h e  band t o  50 cps 

d i d  not appreciably improve de tec t ion  i n  t h e  d i o t i c  case bu t  made about a 

10 dB improvement i n  b inau ra l  de tec t ion  (NO Src), t h e  bandwidth involved i n  

binaural de t ec t ion  must be considerably wider than 50 cps.  

100 cps i n  t h e i r  ca l cu la t ions  of t h e  au tocorre la t ion  f l u e t i o n ,  t h e  MLDs p lo t t ed  

aga ins t  co r re l a t ion  f i t t e d  a similar p l o t  of t h e  data from t h e  experiment by 

J e f f r e s s  e t  a1 assumed a bandwidth of 50 cps i n  t h e i r  -- 

I n  a la ter  unpublished experiment, 

When they employed 

Robinson and Jeffress almost per fec t ly .  

The finding, t h a t  t h e  bandwidth involved i n  b inau ra l  de t ec t ion  is  differ-  

ent from t h a t  f o r  monaural should not s u r p r i s e  us; t h e  types of auditory-nerve f i b e r  

involved are d i f fe ren t . .  Monaural de tec t ion  appears t o  u t i l i z e  c e l l s  t h a t  f i r e  

a t  a r a t e  determined by t h e  amplitude of t h e  stimulus, while i n  b inau ra l  de tec t ion ,  

t h e  f i r i n g  rate (or i n t e r sp ike  in te rva l )  is  determined by t h e  frequency, and 
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l a r g e l y  independent of amplitude. The bandwidth f o r  monaural de t ec t ion  may 

depend on a combination of mechanical f i l t e r i n g  and neura l  "funneling" ( see  

Chapter l3), while f o r  b inau ra l  detection, t h e  bandwidth may conceivably be 

determined s o l e l y  by t h e  mechanical ac t ion  of t h e  cochlea. 

C .  Vector Description of Correlation 

Let us examine t h e  stimuli i n  two cases, one where t h e  co r re l a t ion  

i s  reduced by adding a one-period time de lay  t o  t h e  noise  f o r  one ear, and 

t h e  o ther  by adding random noise from two a d d i t i o n a l  no ise  generators.  

Figure 5 shows t h e  noise  vec tors  which could r e s u l t  from a high pos i t i ve  

(ea  0.8) co r re l a t ion  f o r  t h e  two cases,  The upper f igu re  shows the  case where 

a one-period time delay has been introduced. The noise vec tors  make a s l i g h t  

angle wi th  one another due t o  t h e  possible phase s h i f t  i n  t h e  noise  from one 

cycle t o  t h e  next.  "he s l i g h t  d i f fe rence  i n  t h e  l eng th  of t h e  vect.ors r e f l e c t s  

t h e  poss ib le  change i n  amplitude t h a t  can occur during one period. 

The lower f igu re  shows t h e  case where t h e  reduction of co r re l a t ion  

has been brought about by adding random no i se ,  Here t h e r e  i s  a common vec tor  

represent ing  t h e  common, cor re la ted  part of t h e  noise .  To t h i s  f o r  one ea r  has 

been added another noise vector,  representing noise from a second genera tor .  

The noise  f o r  t h a t  ear i s  t h e  r e su l t an t  of t h e  two no i ses3  For t h e  other ea r ,  

t h e  noise  i s  t h e  vector sum of t h e  common part and a new, uncorrelated p a r t .  

This y i e l d s  a second r e s u l t a n t  which is t h e  noise  for t h e  second e a r .  The two 

r e s u l t a n t s  can thus d i f f e r  i n  phase and i n  amplitude* I n  both f igures ,  t h e  

amount of d i f f e rence  i n  phase and i n  amplitude between the  noise  vec tors  f o r  

t h e  two ea r s ,  depends upon how much the co r re l a t ion  has been reduced from 

uni ty ,  and f o r  t h e  high co r re l a t ion  shown, t h e  two f igu res  a r e  necessa r i ly  very 

s i m i l a r .  

of a s i m i l a r i t y  i n  masking---a prediction borne out by t h e  f ind ing  of Langford 

scd Jeffl-ess . 

The s i m i l a r i t y  of t he  noise  vec tors  appea.rs t o  j u s t i f y  the  pred ic t ion  
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The sub jec t ' s  experience i n  t h e  two stimulus conditions represented 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

by t h e  drawings of F ig .  5 are very d i f f e r e n t .  When t h e  co r re l a t ion  i s  reduced 

by adding a one-period time de lay  t o  t h e  channel f o r  one ear ,  t h e  subjec t  hears 

t h e  noise  as bunched a t  the  undelayed ear, as described earlier i n  t h e  present 

chapter .  I n  t h e  second case, he hears t h e  sound as being i n  t h e  median plane 

with a smll  spreading-out due t o  the uncorrelated p a r t  of t h e  noise .  I n  both 

cases, however, t h e  de t ec t ion  of a s igna l  i s  due t o  t h e  a d d i t i o n a l  i n t e r a u r a l  

time d i f f e rence  r e s u l t i n g  from adding t h e  s i g n a l  t o  t h e  band of no ise  centered 

i n  t h e  head. The presence of a mass of add i t iona l  no ise  a t  t h e  s ide  of t h e  head, 

i n  t h e  time-delayed case, apparently has l i t t l e  or no e f f e c t  upon t h e  de tec t ion  

of t h e  s igna l .  

I n  t h e  d iscuss ion  earlier (Section I11 D ) ,  we pos tu la ted  t h e  ex is tence  

of neura l  "noise" which would cause some spreading out of t h e  d i o t i c  a c o u s t i c a l  

no ise  from t h e  exact cen ter  of t h e  head. Reducing t h e  c o r r e l a t i o n  f o r  t h e  noise 

w i l l  have t h e  e f f e c t  of increas ing  t h i s  spreading, s o  increas ing  the  e f f ec t ive -  

ness of t h e  "noise" as a masker. 

f o r  t h e  reduction of MLDs under t h e  N+ STC stimulus condition as t h e  co r re l a t ion  

It i s  t h i s  spreading, then, which i s  respons ib le  

i s  reduced from un i ty .  

D. MLDs f o r  High-k-equency Signals 

Hirsh (1948) found masking l e v e l  d i f f e rences  of t h e  order of 3 dB a t  

2000 cps and 5000 cps. Similar MLDs were found i n  later work by Hirsh and 

Burgeat (1958), Webster (1951), and Durlach (1963), a l l  a t  frequencies higher 

than  1500 cps. Since t h e  hypothesis discussed i n  t h e  present chapter i s  based 

on neura l  "following," and s ince  such following apparently does not t ake  p lace  

a t  frequencies much above 1500 cps (see e .g . ,  L ick l ider  and Webster 1950), t h e  

hypothesis i s  not  adequate t o  explain t h e  high-frequency MLDs. 

Ourlach (1964) proposes an extension of t h e  hypothesis of t h e  present 

Chapter. i u  account for the iviLljs that cannot be explained i n  terms o f d n t e r a u r a l  
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phase ( t i m e )  d i f f e rences .  If we look again a t  Fig.  2, w e  see t h a t  adding an 

an t iphas i c  s i g n a l  t o  a d i o t i c  no ise  not only c rea t e s  a phase d i f f e rence  between 

t h e  e a r s  (which w e  must assume i s  useless a t  high frequencies) bu t  a l s o  c rea tes  

a d i f f e rence  of amplitude. The SN vector for  t h e  r i g h t  ea r  i s  longer than t h a t  

for  t h e  l e f t .  Such an  i n t e r a u r a l  d i f fe rence  of amplitude w i l l  occur each time 

t h e  s i g n a l  i s  added an t iphas i ca l ly ,  except f o r  t h e  t imes when t h e  s i g n a l  i s  i n  

quadrature with t h e  noise a t  t h e  moment of add i t ion .  Durlach proposes t h a t  

t h e  c e n t r a l  nervous system can de tec t  a d i f f e rence  of l e v e l  a t  t h e  ea r s  and 

t h a t  it i s  t h i s  de tec t ion  added t o  the monaural de t ec t ion  of amplitude changes 

t h a t  i s  respons ib le  f o r  t h e  MLDs obtained i n  t h e  an t iphas ic  case. 

- 
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FOOTNOTE 

h e  idea t h a t  t h e  band employed i n  ant iphasic  de tec t ion  i s  wider than t h e  band 

used i n  monaural ( o r  d i o t i c )  detect ion receives  fur ther  support from s igna l -  

dura t ion  s tudies .  Shortening a tona l  s igna l  t o  10  msec degrades de tec t ion  i n  

t h e  monaural o r  monotic case by about 2 dB more than it would simply on t h e  

b a s i s  of E/No (Green 1965, Blodgett, J e f f r e s s  and Taylor 1958). No  such degra- 

da t ion  i s  found a t  10 msec f o r  the  NO Sn condition. The l o s s  i n  t h e  f irst  case 

i s  usually explained as being due t o  the  spreading of s igna l  energy outs ide of 

t h e  f i l t e r  band. 

S t i l l  fu r the r  support f o r  t h e  hypothesis i s  found i n  a study by Bourbon and 

Jeffress (1965) i n  a band-narrowing experiment continuing t h e  experiment by 

Langford and Jeffress mentioned above. 

bandwidth of the  masking noise t h a t  produces even a s l i g h t  improvement i n  mon- 

a u r a l  o r  d i o t i c  detect ion,  produces a spectacular  improvement i n  de tec t ion  under 

t h e  NO Sn condition. 

The absence of loss i n  the  NO STC case suggests a wider f i l t e r .  

They found t h a t  any narrowing of t h e  
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